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ABSTRACT
CHAPTER 1
A general introduction to olefin metathesis is given. Highlights include a historical perspective
of the development of olefin metathesis and a detailed discussion of group VI imido alkylidene
catalysts.
CHAPTER 2
Monosiloxide and disiloxide complexes have been prepared through the addition of silanols to
Mo(NR)(CHCMe 2Ph)(pyrrolyl) 2 species (R = 1 -adamantyl (Ad) or 2,6-i-Pr2C6H3 (Ar)). The
silanols employed include (t-Bu)3SiOH (Hsilox), (i-Pr)3SiOH, (Me 3Si)3SiOH, (t-Bu-0)3SiOH,
Me2(t-Bu)SiOH, and Ph 3SiOH. The mono(silox) complex,
Mo(NAr)(CHCMe 2Ph)(silox)(pyrrolyl) .(2a), could be isolated, while
Mo(NAd)(CHCMe 2Ph)(silox)(pyrrolyl) was observed in situ but could not be crystallized.
Reaction of Mo(NAr)(CHCMe 2Ph)(OTf) 2(DME) with (silox)Li(THF) resulted in the formation
of Mo(NAr)(CHCMe 2Ph)(silox)(OTf) (3). Disiloxides that could be crystallized include
Mo(NAd)(CHCMe 2Ph)(Silox) 2  (1b), Mo(NAd)(CHCMe 2Ph)[OSi(SiMe3)3]2 (5),
Mo(NAd)(CHCMe 2Ph)[OSi(O-t-Bu) 3]2 (6), and Mo(NAr)(CHCMe 2Ph)[OSiMe2(t-Bu)] 2 (7);
other disiloxide examples could be observed in situ, but could not be crystallized. Compound 2a
reacts readily with (CF 3)Me 2COH, (CF 3)2MeCOH, (CF 3)2CHOH, ArOH, C6 F5 OH, (-)-menthol,
and (-)-borneol to give compounds of the type Mo(NAr)(CHCMe 2Ph)(silox)(OR) (4a-g) in situ.
No reaction was observed upon heating of lb under 5 atm of ethylene at 120 *C in toluene-d8 ;
only at 240 'C in o-dichlorobenzene-d4 did lb react with ethylene to yield CH2=CHCMe2Ph, but
the Mo-containing product could not be identified. Compound 2a reacts with ethylene at 120 'C
to give Mo(NAr)(CH2)(silox)(pyr), while 4a-e react with ethylene at -60 'C; methylene species
could be observed in several cases but could not be isolated. X-ray studies were carried out for
lb and 2a.
CHAPTER 3
Molybdenum imido alkylidene complexes which may be used as precursors for the in situ
generation of molybdenum olefin metathesis catalysts are presented. Reaction of
Mo(NR)(CHCMe 2Ph)(OTf)2(DME) (R = 1-adamantyl (Ad) or 2,6-i-Pr2C6H3 (Ar)) with two
equivalents of Li(ind) (ind = indolide) results in the formation of Mo(NR)(CHCMe 2Ph)(ind)2 (R
= Ar, 1; Ad, 2). Unlike other molybdenum complexes of nitrogen containing heterocyclic
ligands, 1 and 2 react productively with olefins. 1 and 2 react with alcohols to give previously
characterized bisalkoxide olefin metathesis catalysts. Reaction of Li(3,5-R 2-pyrazolide) (R = t-
Bu or Ph, R2pz) with Mo(NAr)(CHCMe 2Ph)(OTf) 2(DME) yields Mo(NAr)(CHCMe 2Ph)(3,5-
R2pz)2 (R = t-Bu, 5; Ph, 6) in good yields. These complexes react with alcohols or the surface
silanols of silica, to yield respectively bisalkoxy and surface monosiloxy olefin metathesis
catalysts. The benzyl complexes Mo(NR)(CHCMe 2Ph)(CH2Ph)2 (R = Ar, 7; Ad, 8; Ar" = 9)
have been prepared and structurally characterized. These complexes react with alcohols and
phenols to give either monobenzyl monoalkoxide(aryloxide) species or trialkyl
alkoxide(aryloxide) complexes. Additionally, several species that were found to not be
precursors for the in situ generation of olefin metathesis catalysts are discussed.
CHAPTER 4
Three substituted tris(pyrrolyl-a-methyl)amines (H3[Aryl 3TPA]) (Aryl = 2,4,6-C 6H2Me3 (Mes),
la; 2,4,6-C 6H2(i-Pr) 3 (Trip), 1b; 3,5-C 6H3(CF 3)2 (ArF), 1c) have been prepared. An X-ray study
of [Trip 3TPA]MoCl (2) shows it to be a distorted trigonal bipyramidal species in which the
2,4,6-triisopropylphenyl substituents surround and protect the apical chloride. Reaction of
MoN(NMe 2)3 with H3[ArF3TPA] yields MoN(NMe 2)-K3_[ArF3TPA] (3) in which only two of the
ligand arms have metalated. The x-ray crystal structure revealed that the un-metalated pyrrole
arm has a hydrogen bonding interaction with nitride ligand. Similarly, reaction of Mo(NMe 2)4
with H3[ArF3TPA] yields Mo(NMe 2)2-KC3 [ArF3TPA] (3). Reaction of M(NMe 2)4 (M = Zr or Hf)
with H3[ArF3TPA] results in the full metalation of the ligand to yield
M(NMe2)(HNMe 2)[ArF 3TPA] (M = Zr, 5; Hf, 6), in which an equivalent of dimethylamine
remains in the coordination sphere.
CHAPTER 5
The monomeric, homoleptic molybdenum(III) complex molybdenum tris(2,5-dimethylpyrrolide)
(1) has been prepared. Reduction with KC8 in THF yields the molybdenum(II) complex
potassium [molybdenum tris(2,5-dimethylpyrrolide)] (2), while protonation with
[H(OEt 2)2][BArF4] or [HNMe 2Ph][B(C6 F5)4] yields cationic species that contains an 9-3H-
pyrrole ligand (3a and 3b). All of the complexes have been structurally characterized. The
paramagnetic species have been characterized by EPR and CV. Additionally, a review of group
VI pyrrolide complexes is given.
APPENDIX A
The preparation and reactivity of polystyrene-supported molybdenum and tungsten imido
alkylidene monoaryloxide monopyrrolide catalysts is presented. The reactivity and selectively of
these complexes in the homodimerization of terminal olefins was found to be similar to their
homogenous analogues.
APPENDIX B
The synthesis and characterization of W(O)(CHCMe3 )(Me2Pyr)2(PMe2Ph) (1),
W(CCMe3)(OTf) 3(DME) (2), and [Li(OEt2)2][MoCl2(C4H3N-CH(=NAr)]) 2] (3) is described.
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CHAPTER 1
General Introduction for Chapters 2 and 3
R2 cat. R1  R2
2 /- = -f +cat
R1 R1 R2
Figure 1.1. Schematic representation of olefin metathesis.
Reactions that form carbon-carbon bonds are central to the synthesis of new organic
compounds. Many methodologies based on transition-metal catalysts have been developed for
this purpose, chief among them are olefin metathesis' and cross coupling 2 of an aryl electrophile
with an organometallic reagent. Olefin metathesis involves the exchange of olefinic pieces to
give, at equilibrium, a statistical mixture of all possible cis and trans olefins and this is depicted
in Figure 1.1. Originally called olefin disproportionation, olefin metathesis was first discovered
in the laboratories of Phillips Petroleum in the 1960's.3 It was shown that when propylene was
passed over alumina that had been pretreated with molybdenum hexacarbonyl, ethylene and
butene were formed with minimal byproduct formation. In the absence of a catalyst, the reaction
was found only to work at temperatures in excess of 700 'C and byproducts were formed. It was
then found in 1967 in the laboratories of Goodyear Tire and Rubber Company that a mixture of
WCl6 and ethanol (1:1) when treated with excess AlEtCl 2 furnished an active, homogenous
catalyst for metathesis of internal olefins.4 Both of these systems showed very high TOF with
equilibrium being attained in seconds. However functional group tolerance was nonexistent due
to the use of harsh conditions, and the nature of the active catalytic species was unknown.
Mechanistically, little was known about the reaction until the mid-1970's. Two plausible
metal-based pathways were proposed: the pairwise and the non-pairwise mechanisms. The
pairwise mechanism (Figure 1.2) was first proposed by Petit5 and involves a transition state in
which a cyclobutane is stabilized by a metal center. This mechanism is symmetry-forbidden in
the absence of a metal, as described by the Woodward-Hoffmann Rules.6 The alkylidene
mechanism (Figure 1.3), first proposed by Chauvin,7 involves the interaction of a transition metal
alkylidene (carbene), with an olefin to yield an intermediate metallacyclobutane complex. This
species can either undergo nonproductive cycloreversion to return the starting alkylidene and
olefin or productive metathesis to give a new alkylidene and olefin. A considerable amount of
evidence for the alkylidene or "non-pairwise" mechanism has been amassed by Casey,' Grubbs'
and Katzi and it is now accepted as correct.
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Figure 1.2. Pairwise olefin metathesis mechanism.
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Figure 1.3. Metallacyclobutane olefin metathesis mechanism.
With the evidence now collected that a metal alkylidene is the active species in olefin
metathesis reactions, the development of well-defined olefin metathesis catalyst was spurred on
by concurrent discoveries of complexes containing transition metal-ligand multiple bonds. The
first high-oxidation state transition metal alkylidene complex, Ta(CHCMe3)(CH 2CMe3)3, was
reported by Schrock" in 1974 during an attempt to prepare Ta(CH 2CMe3)5 . This was the first
example of a triplet metal carbene complex, as compared to the heteroatom substituted singlet
carbene complexes first reported by Fischer1 2 in 1964. The formation of the alkylcarbene ligand
was thought to arise via sterically-induced a-hydrogen abstraction. Ta(CHCMe 3)(CH 2CMe3)3
and the related complexes Ta(CHCMe3)Cl 3L2 (L = phosphine or THF) were found to react with
simple olefins in a pseudo-Wittig type fashion to give tert-butyl substituted olefins.13 Similar
reactivity was found by Tebbe with a masked methylidene complex, Cp 2Ti(CH2)(ClAlMe 2),
which is formed by the reaction of Cp 2TiCl2 with two equivalents of AlMe3. 14 Subsequently,
Grubbs disclosed that Cp 2Ti(CH 2)(CIAlMe 2) was found to react with tert-butylethylene, upon
addition of Lewis base to sequester AlMe 2Cl, yielding the first isolated metallacyclobutane.15
Catalytic olefin metathesis was first reported by Schrock using W(O)(CHCMe 3)Cl 2L2 (L =
phosphine or THF) complexes.16 Interestingly, the source of the neopentylidene ligand are the
previously mentioned Ta(CHCMe 3)Cl 3L2 (L = phosphine or THF) complexes: the alkylidene and
two halides are exchanged for four tert-butoxide in W(O)(0-t-Bu) 4. Schrock then reported that
replacement of the oxo and halide moieties in W(O)(CHCMe 3)Cl 2L2 (L = phosphine or THF)
complexes with isolobal17 imido and alkoxide fragments gave far more active and longer lived
catalysts.18 It was also found that analogous molybdenum complexes could be prepared more
easily and in higher yield19 and these species were more tolerant of organic functional groups.20
These molybdenum complexes are commonly referred to as "Schrock Catalysts". Grubbs has
developed a family of ruthenium catalysts, which are prepared by oxidation of a Ru(II) precursor
with a diazoalkane, sulfur ylide, or cyclopropene.
R' Imido
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Figure 1.4. Schematic representation of the "Schrock Catalyst".
A schematic representation of the "Schrock Catalyst" is shown in Figure 1.4. The salient
moieties of this species are the alkylidene, imido and ancillary ligands. Catalysts that contain
both molybdenum and tungsten as the central metal have been prepared, and occasionally they
show disparate reactivity. 20  The initial alkylidene is generally either a neopentylidene or
neophylidene. However, benzylidene22 complexes are known. The imide ligand provides steric
protection for the metal center thereby limiting bimolecular decomposition. In general, the imide
substituent is 2,6-diisopropylphenyl but complexes that contain several aryl groups, and even 1-
admantyl, have been prepared.23 The ancillary alkoxide or phenoxide ligands create a Lewis
acidic metal center, which is important for metathesis activity.2 4 Recently it has been found that
if one of the ancillary ligands is an alkoxide and the other is a pyrrolide ligand the resultant
monoalkoxide pyrrolide (MAP) complex is highly active and shows hitherto unseen
selectivity.20c
R R' H R'
H 90* H 90*
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Figure 1.5. Orbitals involved in the interconversion of syn and anti isomers.
In the four coordinate imido alkylidene dialkoxide and MAP complexes two possible
orientations of the alkylidene substituent (labeled R in Figure 1.4) are found. In the case where
the alkylidene substituent is cisoid to the imide substituent the orientation is referred to as syn.
The transoid orientation is referred to as anti. The two isomers are easily distinguished by NMR
spectroscopy via determination of the coupling constant of the alkylidene a-proton with the
alkylidene a-carbon. In the anti isomer the JCH is generally greater than 140 Hz whereas the syn
isomer displays a JCH ~120 Hz; this JCH value is consistent with an a-agostic interaction in the
syn isomer. Carbon-hydrogen coupling constants are directly proportional to the s character in
the C-H bond and therefore JCH values reach a minimum in a "pure" p bond. As the Mo-Ca-Ha
angle becomes more acute (sp 2 vs. sp hybridization of Ca), due to the a-agostic interaction, the p
character in the Ca-Ha bond increases and therefore the JCH decreases.25 This a-agostic
interaction helps to stabilize the formally 14 e~ complexes and, therefore, the syn isomer is
generally the lower energy species. Interconversion of the syn and anti isomers in the absence of
olefin or Lewis base requires breaking of the metal-imide pseudo-triple-bond thereby freeing the
metal based orbital (either d2 or dyz) to stabilize the alkylidene ligand after a 900 rotation (Figure
1.5). Interconversion can be accomplished through irradiation of the complexes at 360 nm and it
has been found that complexes containing electron-withdrawing ancillary ligands generally
interconvert at slower rates than those which contain more electron-releasing ancillary ligands.26
This has been rationalized to arise because complexes with electron-withdrawing ancillary
ligands should have a stronger metal-imide pseudo-triple-bond and therefore breakage of the
bond to allow for alkylidene rotation should be less favored. The interconversion of the syn and
anti isomers as well as the difference in the rates of reaction between the two isomers is a
fascinating aspect of "Schrock's catalyst", and these two observations have been studied by
theoretical methods.
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Figure 1.6. Representative olefin metathesis reactions.
Four major classes of olefin metathesis reactions that have been thoroughly studied are
shown in Figure 1.6. Cross metathesis is a simple combination of two olefins, generally with the
expulsion of ethylene, which can provide a kinetic driving force if the system is open to allow for
the escape of gaseous ethylene. It has been shown that certain MAP catalysts containing
sterically encumbered phenoxide ligands are able to provide cross metathesis products with
exceptionally high cis contents. 28 Ring-closing metathesis (RCM) can be thought of as an
intramolecular cross metathesis. The reaction is thermodynamically favored because of the
entropic benefit of producing two molecules from one. RCM is commonly used in the synthesis
of complex molecules 2 9 and is commonly employed for the synthesis of enantiomerically pure
products by molybdenum or tungsten catalysts which contain either mono- or bidentate
enantiopure biphenols (Figure 1.7).30
i-Pr i-Pr i-Pr 9Li-Pr i-Pr Qi-Pr
N N NCHPh2 || THF Ph || JHF t-Bu ||
O"''.MO CMe2Ph O'.Mo CMe2Ph t-Bu 'Mo CMe2Ph
\ CHPh2  Ph io, / \ t-Bu
t-Bu
Figure 1.7. Catalysts for enantioselective olefin metathesis.
Enyne metathesis is the combination of an alkene with an alkyne to generate a conjugated
diene. Ruthenium-based catalysts generally give five-membered ring products, whereas
molybdenum-based catalysts give six-membered products.31 The two products arise from either
a or p-addition of the alkyne to the alkylidene. Sterically crowded MAP catalysts can direct for
p-addition and therefore formation of the exocyclic methylene substituted cyclohexene product is
favored. Conversely, if a catalyst that features a less sterically saturated metal center in
employed, such as Grubbs' catalyst, a-addition of the alkyne leads to formation of the vinyl-
substituted cyclopentene product.32 Ring-opening metathesis polymerization (ROMP) generates
carbon-carbon bonds via the cleavage of C=C bonds in strained cyclic olefins. 33 It is the release
of this ring strain that provides the thermodynamic driving force for the reaction. ROMP is a
useful technique to generate stereoregular and monodisperse polymers and co-polymers.34
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CHAPTER 2
Synthesis of Molybdenum Imido Alkylidene Complexes that Contain Siloxides
Portions of this chapter have appeared in print:
Wampler, K. M.; Schrock, R. R.; Hock, A. S. "Synthesis of Molybdenum Imido Alkylidene
Complexes That Contain Siloxides" Organometallics 2007, 26, 6674.
INTRODUCTION
High oxidation state complexes of the type M(NR)(CHR')(OR") 2 or
M(NR)(CHR')(diolate) (M = Mo or W) are established, well-defined catalysts for a variety of
symmetric and asymmetric olefin metathesis reactions.1 The vast majority of such species
contain alkoxides or diolates. In comparison, M(NR)(CHR')(OR") 2 species where OR" is a
siloxide are relatively rare.2 Molybdenum and tungsten imido alkylidene siloxide complexes,
especially monosiloxide complexes, have become more relevant as a consequence of the
synthesis of relatively well-defined catalysts attached to silica through one M-O-Sisurf bond.2 3
M(NR)(CHR')(OSisurf)X species have been prepared through addition of a suitable
M(NR)(CHR')X 2 species (X = neopentyl, diphenylamido, or pyrrolyl) to dehydroxylated silica.
M(NR)(CHR')(pyr) 2 (pyr = pyrrolyl) species also have been employed as precursors to
M(NR)(CHR')(OR") 2 species through addition of two equivalents of the appropriate alcohol or
one equivalent of a diol,4 or to M(NR)(CHR')(OR")(pyr) species through addition of only one
equivalent of an alcohol.' M(NR)(CHR')(X)(Y) complexes also have become attractive targets
in view of calculations that support a higher reactivity for compounds in which X is a donor and
Y an acceptor. 6 For all of the above reasons it was of interest to prepare more homogeneous
monosiloxide or disiloxide species.
In considering potential monosiloxide or disiloxide ligands for study, tri-t-butylsiloxide
(silox) was chosen. The silox ligand is a uniquely sterically demanding siloxide that has been
used to prepare a large variety of unusual, highly unsaturated early transition metal species.''
Examples include Ta(silox) 39' 0 [TaH2 (silox) 2] 2,'1 ,12 and W(N-t-Bu)(silox) 2.13 It was of interest
to investigate whether imido alkylidene mono-silox or di-silox species could be prepared and
whether they would have properties different from complexes that contain other types of bulky
siloxides. There was a possibility that some silox alkylidene species would be relatively stable to
bimolecular decomposition reactions, yet still be reactive toward olefins, thereby increasing the
lifetime of a silox catalyst in solution and overall metathesis turnover.
RESULTS
2.1. Molybdenum Imido Alkylidene Siloxide Complexes.
2.1.1. Synthesis and Characterization of silox Complexes.
Addition of one equivalent of H(silox) (H(silox) = (t-Bu)3SiOH) to
Mo(NAd)(CHCMe 2Ph)(pyr) 24 a (Ad = 1-Adamantyl; 59 mM in toluene-d8) at 23 *C results in
formation of one equivalent of pyrrole and a species having C1 symmetry that is assigned as
Mo(NAd)(CHCMe 2Ph)(silox)(pyr) (1a; equation 1; 6Ha = 12.24 ppm). Conversion of
Mo(NAd)(CHCMe 2Ph)(pyr)2 into la is complete in fifteen minutes at a concentration of 59 mM.
H(silox)
- pyrrole '
Toluene
23 *C, 15 m
N
pyr,,.MoK CMe2Ph
silox
H(silox)
- pyrrole
Toluene
120 *C, 18 h
(2.1)
Unfortunately, la is highly soluble and could not be isolated in crystalline form.
Compound la is formed even in the presence of two equivalents of H(silox), i.e., at 23 'C
displacement of the remaining pyrrolyl in Mo(NAd)(CHCMe 2Ph)(silox)(pyr) by a second
equivalent of H(silox) is extremely slow. However, if a mixture of Mo(NAd)(CHCMe 2Ph)(pyr) 2
(59 mM) and (t-Bu)3SiOH (118 mM) is heated to 120 'C for eighteen hours two equivalents of
pyrrole and Mo(NAd)(CHCMe 2Ph)(silox) 2 (1b) are formed (Equation 2.1). Compound lb can
be isolated as yellow-orange blocks in 66% yield from a saturated pentane solution at -30 'C.
'H, 13C, and 29 Si NMR spectra are all consistent with a Cs symmetric structure in which rotation
about the N-C and Si-C bonds is rapid on the NMR time scale at room temperature. The
alkylidene proton resonance in lb was found at 11.08 ppm in benzene-d6 ; a JCH of 119 Hz is
consistent with a syn orientation of the alkylidene, as shown in Equation 2.1. Compound lb is
relatively stable to air, moisture, and temperature. An o-dichlorobenzene-d4 solution of lb was
heated to 240 'C for twelve hours with no change being observed.
Crystals of lb suitable for a single crystal X-ray study were grown from a saturated
pentane solution at -30 *C over the course of twelve hours. The structure of lb is shown in
Figure 2.1 and X-ray details can be found in Table 2.1. (A rotational disorder about the 0(1)-
Si(1) bond was observed, but the disorder was effectively modeled.) Molybdenum adopts a
tetrahedral coordination geometry with bond lengths and angles that are typical of related
crystallographically characterized compounds.14 The Mo-O-Si angles are large (Mo-0(1)-Si(1) =
169.66(10)0), as is commonly found in silox complexes. Large M-O-Si bond angles are believed
to result from steric interactions between the t-butyl groups and the remaining coordination
environment. The N(1)-Mo-0(1) (114.30(9)0) and N(1)-Mo-0(2) (116.06(9)0) angles are
relatively large compared to other angles at Mo; for example, 0(1)-Mo-0(2) is only 108.72(7)0.
N(1)
Figure 2.1. A thermal ellipsoid drawing of lb (ellipsoids at 50%; minor disorder and hydrogen
atoms omitted). Selected bond distances (A) and angles (*): Mo-C(1) = 1.885(2), Mo-N(1) =
1.709(2), Mo-O(1) = 1.890(2), Mo-C(1)-C(2) = 147.7(2), Mo-N(1)-C(11) = 171.18(18), Mo-
O(1)-Si(1) = 169.66(10), O(1)-Mo-O(2) = 108.72(7), N(1)-Mo-C(1) = 104.73(11), N(1)-Mo-
0(1) = 114.30(9), N(1)-Mo-0(2) = 116.06(9), C(1)-Mo-0(1) = 105.86(9), C(1)-Mo-0(2) =
106.27(9).
The reaction between one equivalent of H(silox) and Mo(NAr)(CHCMe 2Ph)(pyr)2 (Ar =
2,6-i-Pr2C6H3) in toluene for thirty minutes produced the monosilox compound 2a (Equation
2.2), which could be isolated as yellow crystals from pentane at -30 'C in 74% yield. 'H and 13 C
NMR spectra of 2a in C6D6 at 22 'C are consistent with rapid rotation about the Nimido-Cipso
bond. The pyrrolyl a-H and p-H resonances in 2a are found as two poorly resolved resonances
at 7.07 ppm and 6.47 ppm, respectively. The alkylidene proton resonance is found at 12.69 ppm
in C6D6 (JCH = 118 Hz), a value that should be compared with 6Ha = 12.24 ppm for the
alkylidene proton in la.
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Crystallographic quality crystals of 2a were grown from a saturated pentane solution at
-30 'C over the course of 36 hours. A drawing of the structure can be found in Figure 2.2 and
crystallographic details in Table 2.2. The alkylidene is found in the syn orientation with Mo-
C(1) = 1.876(2) A and Mo-C(1)-C(2) = 145.62(15)0. The pyrrolyl ligand is bound in an il-
fashion with Mo-N(2) = 2.0238(17) A, which is typical of pyrrolyl complexes of Mo(VI) 4a or
W(VI).4c The commanding steric properties of the silox ligand is reflected in the larger N(l)-
Mo-O(1) (119.86(7)0), C(1)-Mo-O(1) (110.17(8)0), and N(2)-Mo-O(1) (113.77(7)0) angles
compared to N(1)-Mo-N(2) (108.61(8)0), C(1)-Mo-N(2) (98.73(8)0), and N(1)-Mo-C(1)
(103.11(8)0).14
Figure 2.2. A thermal ellipsoid drawing of 2a (ellipsoids at 50%; hydrogen atoms omitted).
Selected bond distances (A) and angles (*): Mo-C(l) = 1.876(2), Mo-N(l) = 1.7299(16), Mo-
N(2) = 2.0238(17), Mo-O(l) = 1.8867(14), Mo-C(1)-C(2) = 145.62(15), Mo-N(1)-C(l1) =
177.22(14), Mo-O(1)-Si(l) = 166.72(9), N(1)-Mo-O(1) = 119.86(7), C(l)-Mo-O(1) = 110.17(8),
N(2)-Mo-O(1) = 113.77(7), N(l)-Mo-N(2) = 108.61(8), C(l)-Mo-N(2) = 98.73(8), N(1)-Mo-
C(l)= 103.11(8).
A toluene-d8 solution of Mo(NAr)(CHCMe 2Ph)(pyr)2 (55 mM) and two equivalents of
H(silox) was heated to 160 'C in a sealed NMR tube for eighteen hours. Compound 2a was
formed first but only ~45% of 2a was converted into Mo(NAr)(CHCMe 2Ph)(silox) 2 (2b) under
these conditions; no change was observed upon heating samples for longer periods of time, while
heating samples to higher temperatures led to decomposition. The alkylidene resonance for
Mo(NAr)(CHCMe 2Ph)(silox) 2 was observed at 11.66 ppm (cf. 11.08 ppm for 1b). We propose
that the greater steric demands of the 2,6-diisopropylphenylimido ligand prevent complete
conversion of 2a into 2b under these conditions, although the possibility remains that 2a and 2b
have reached equilibrium under these conditions.
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Because Mo(NAr)(CHCMe 2Ph)(silox) 2 could not be isolated via silanolysis with
Mo(NAr)(CHCMe 2Ph)(pyr)2, attempts were made to isolate the compound via alternative
synthetic routes. Mo(NAr)(CHCMe 2Ph)(silox) 2 could be observed as the major product in a salt
metathesis reaction between Mo(NAr)(CHCMe 2Ph)(OTf) 2(DME)" and K(silox) in Et2O.
However, the product could only be isolated as an impure dark yellow oil. Salt metathesis with
(silox)Li(THF) in THF produced a 1:1 mixture of Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) and 2b.
Storage of the diethylether solution at -30 'C gave Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) and
orange mother liquor. Subsequent removal of the solvent and recrystallization from pentane
gave Mo(NAr)(CHCMe 2Ph)(silox)(OTf) (3) in 58% yield. The procedure could be optimized
via adding only one equivalent of (silox)Li(THF). The species is base free and shows a very
deshielded alkylidene proton resonance at 13.41 ppm. This reaction was not probed in great
depth but a provocative experiment would to observe the reverse reaction via addition of DME to
purified 8. Reaction of 8 compound with Na[B(3,5-bistrifluoromethyl-phenyl)4]' 6 led to
decomposition.
2.1.2. Synthesis of Molybdenum Imido Alkylidene Silox Alkoxide Complexes.
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Compound 2a reacts readily with alcohols that are smaller than H(silox) to yield pyrrole
and Mo(NAr)(CHCMe 2Ph)(silox)(OR) complexes (equation 3; ROH = (CF 3)Me 2COH, 4a, 6Ha =
11.77 ppm; (CF 3)2MeCOH, 4b, 6Ha = 12.14 ppm; (CF3)2CHOH, 4c, 6Ha = 12.57 ppm; ArOH,
4d, 6Ha = 11.68 ppm; C6F5OH, 4e, 6Ha = 12.43 ppm; (-)-menthol, 4f, 6Ha = 11.48 (62%) and
11.42 (38%); (-)-borneol, 4g, SHa = 11.47 (59%) and 11.46 (41%)). Although 4a - 4g are
formed virtually quantitatively according to 'H NMR spectra, attempts to crystallize these
complexes on a preparative scale were not successful. The enantiopure alcohols (-)-menthol and
(-)-borneol yielded a mixture of diastereomers of 4f and 4g when the reaction was carried out in
either benzene-d6 at 23 'C or in toluene-d8 at -30 'C. The ratio of diastereomers remained
unchanged after the solutions had been stored at 23 'C for one week.
2.1.3. Synthesis of Other Molybdenum Imido Alkylidene Disiloxide Complexes.
Other reactions that would yield species of the type Mo(NR)(CHCMe 2Ph)(siloxide) 2 (R =
Ad or Ar) were also explored. Reactions between Mo(NR)(CHCMe2Ph)(pyr)2 and two
equivalents of (i-Pr) 3SiOH, (SiMe 3)3SiOH, (t-Bu-O) 3SiOH, Me2(t-Bu)SiOH, and Ph 3SiOH all
produced Mo(NR)(CHCMe 2Ph)(siloxide) 2 species (5-8). Mo(NR)(CHCMe 2Ph)(siloxide)2
species that could be crystallized included Mo(NAd)(CHCMe 2Ph)[OSi(SiMe 3)312 (5),
Mo(NAd)(CHCMe 2Ph)[OSi(O-t-Bu) 3] 2 (6), and Mo(NAr)(CHCMe 2Ph)[OSiMe2(t-Bu)] 2 (7).
Unlike reactions between Mo(NR)(CHCMe 2Ph)(pyr)2 and two equivalents of H(silox), in all
cases little or no Mo(NR)(CHCMe 2Ph)(pyr)(siloxide) complex could be observed as a
consequence of a rapid reaction of presumed intermediate Mo(NR)(CHCMe 2Ph)(siloxide)(pyr)
with the second equivalent of silanol. Reactions involving (i-Pr)3SiOH and Ph 3SiOH led to
impure oils, although the desired products could be observed in 'H NMR spectra of the crude
product. Pure Mo(NAr)(CHCMe 2Ph)(OSiPh3)2 (8) was best prepared (in 91% yield) in a reaction
between Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) and two equivalents of KOSiPh3.
2.2. Investigation of Intermediates in Protonolysis Reactions.
During the reaction of complex 2a with HOCMe 2(CF 3) formation of a compound
exhibiting an AB pattern at 3.01 ppm with JHH = 12.3 Hz was observed by 'H NMR
spectroscopy. The observed 'H and 19F NMR spectra of the reaction mixture are consistent with
the species being Mo(NAr)(CH 2CMe2Ph)(silox)(pyr)[OCMe2(CF3)]. An analog of this complex
was observed during the protonolysis reaction of Mo(NAr)(CHCMe3)(CH2CMe3)2 with HOC6 F5
to give Mo(NAr)(CH 2CMe 3)3(OC 6F5).17 In order to better understand the exact nature of this
species the W analog of 2a, W(NAr)(CHCMe 3)(silox)(pyr) (9), was synthesized via a similar
method (Equation 2.2) in 60% yield via the utilization of W(NAr)(CHCMe 3)(pyr)2(DME).4c 'H
NMR analysis of a reaction of HOCMe2(CF 3) with 9 (60 'C for 48 hours at 47 mM) revealed a
similar AB pattern centered at 2.70 ppm with JHH = 13.6 Hz and JHW = 12.1 Hz which is
consistent with the diastereotopic methylene protons of a neopentyl ligand.17 This finding
would imply that the diastereotopic methylene protons are in close contact with the metal center
and therefore lends credence to the proposed mechanism shown in Scheme 2.1.
Scheme 2.1. Proposed Mechanism of Protonolysis.
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2.3 Reactivity with Olefins.
When an o-dichlorobenzene-d 4 solution (55 mM) of Mo(NAd)(CHCMe 2Ph)(silox) 2 (1b)
was heated to 240 'C for twelve hours under one atm of ethylene, lb was consumed and the
expected first metathesis product (3-methyl-3-phenylbutene) was observed in the 'H NMR
"i-Pr
spectrum of the reaction mixture. Compound lb did not decompose at 240 'C in the absence of
ethylene, as noted earlier. A similar reaction was performed with a toluene solution of lb under
five atm of ethylene at 120 'C; no reaction was observed. Heating solutions of lb in neat 1-
hexene, 1-octene, or 3-hexene up to 120 'C also led to less than 5% consumption of 1b.
However, complex lb does initiate the polymerization of 100 equivalents of norbornene,
producing a 56% yield of polynorbornene at 23'C in dichloromethane in one hour.
In contrast, compound Mo(NAr)(CHCMe 2Ph)(pyr)(silox) (2a) in C6D6 under one atm of
ethylene was completely consumed after heating the solution for twelve hours at 120 'C. When
the reaction at 55 'C was monitored by 1H NMR spectroscopy, a pair of doublets could be
observed at 11.15 and 11.85 ppm that we assign to inequivalent methylene protons in
Mo(NAr)(CH 2)(silox)(pyr). This compound comprises a maximum of ~10% of the reaction
mixture under these conditions. A JHH value of 6.0 Hz was observed for the alkylidene protons,
a value that is typical for high oxidation state methylene complexes. The resonance at 11.85
ppm is analogous to what is observed in an anti M=CHR species, i.e., the proton is syn with
respect to the imido group with no agostic CHa interaction with the metal.1 The resonance at
11.15 ppm is analogous to what is observed in an syn M=CHR species, i.e., the proton is anti
with respect to the imido group and has a weak agostic CHa interaction with the metal.' (It
should be noted that the reaction between W(NAr)(CHCMe 3)(2,5-dimethylpyrrolyl) 2 and
ethylene at 60 'C over a period of 24 h yields the isolable and crystallographically characterized
methylene complex, W(NAr)(CH 2)(2,5-dimethylpyrrolyl) 2, which has Ha resonances at 12.12
and 11.10 ppm (JHH = 7.3 Hz ) in its 1H NMR spectrum in CD 2Cl 2.4 c) Mo(NAr)(CH 2)(silox)(pyr)
decomposes upon heating in C6D6 solutions to 80 'C or 120 'C (Figure 2.4). Compound 2a also
reacts with 1-hexene and 3-hexene at 120 'C and is an initiator for ROMP of 100 equivalents of
norbomene, producing a 78% yield of polynorbornene at 23'C in dichloromethane in 1 hour.
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Figure 2.3. 'H NMR monitoring of reaction between compound 2a and ethylene after heating to
(a) 55 'C, (b) 80 0C and (c) 120 'C.
The mixed imido alkylidene silox/alkoxide and silox/phenoxide compounds 4a - 4e react
more readily than does 2a with ethylene (one atm). The starting material in benzene-d6 is fully
consumed at ~60 'C after four hours. Two cases warrant special mention. First, the reaction
between Mo(NAr)(CHCMe 2Ph)(silox)[OCMe 2(CF3)] (4a) and ethylene produces
Mo(NAr)(CH 2)(silox)[OCMe 2(CF 3)], as is shown in Figure 2.5 (JHH = 6.0 Hz). The proposed
methylidene species comprises up to -70% of the reaction mixture if the reaction is carried out at
55 'C. Second, Mo(NAr)(CHCMe 2Ph)(silox)(OC 6F5) (4e) reacts with ethylene at room
temperature to produce what appears to be the dimeric species [Mo(NAr)(silox)(OC6F5)]2,
according to NMR spectra; it presumably is formed through facile bimolecular decomposition of
unobservable intermediate Mo(NAr)(CH 2)(silox)(OC6 F5). Attempts to crystallize
[Mo(NAr)(silox)(OC 6F5)] 2 on a preparative scale were unsuccessful. The facile reaction of 4e
with ethylene at room temperature compared with the relatively slow reaction between 2a and
ethylene can be attributed to the replacement of a relatively electron donating pyrrolyl ligand
with relatively small and more electron withdrawing perfluorophenoxide ligand.
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Figure 2.4. 'H NMR spectrum of reaction of 4a with C2H 4 after heating to 60 'C.
Mo(NAd)(CHCMe 2Ph)[OSi(TMS) 3]2 (5) and Mo(NAd)(CHCMe 2Ph)[OSi(-t-Bu) 3 2 (6)
failed to react completely with ethylene or 1-hexene unless temperatures above 120 'C were
employed. At these temperatures both started to decompose, giving rise to several new aliphatic
resonances. Mo(NAr)(CHCMe 2Ph)[OSiMe 2(t-Bu)]2 (7) and Mo(NAr)(CHCMe 2Ph)(OSiPh3)2
(8) react with ethylene or 1 -hexene in C6D6 solution (46 mM) over the course of twelve hours at
22 'C, but no attempt was made to characterize the metal-containing products of these reactions.
DISCUSSION
The objective of this investigation was to prepare and explore various
Mo(NR)(CHR')(siloxide) 2 or Mo(NR)(CHR')(siloxide)(X) complexes in the hope that some not
only would react readily with olefins, but would yield relatively stable intermediates, especially
methylene species. A secondary goal was to compare reactions of alkylidene complexes that
contain one or two silox ligands with similar reactions of analogous complexes that contain other
siloxides. On the basis of what we have observed it appears that siloxide complex (except those
containing silox) do not seem to be unusual compared to alkoxide or aryloxide analogs. Second,
as we suspected, silox complexes have reactivities that are dramatically different from other
siloxide analogs. Two results are especially remarkable. One is that silox is large enough to
allow Mo(NR)(CHR')(silox)(NC 4H4) species to be prepared highly selectively. In contrast, it has
not been possible to prepare other siloxide/pyrrolyl analogs, and it also has not yet been possible
to prepare alkoxide/pyrrolyl analogs relatively selectively unless 2,5-dimethylpyrrolyl or bulky
phenols 19 are employed. A successful synthesis of monosiloxide/monopyrrolyl or
monoalkoxide/monopyrrolyl species through protonation of bispyrrolyls is likely to depend
dramatically upon a complex interplay between the steric demands of all four ligands in the
Mo(NR)(CHR')(OR")(pyrrolyl) species; only a small fraction of the possibilities have been
explored.
The second dramatic result is that Mo(NAd)(CHCMe 2Ph)(silox) 2 is virtually unreactive
toward ethylene, an olefin which we assume provides a relatively accurate measure of alkylidene
reactivity. Either that assumption is incorrect or the Mo(NAd)(CHCMe 2Ph)(silox) 2(C2H4)
transition state simply cannot be reached readily when two silox ligands are present. The latter
makes the most sense on the basis of what is known about the transition state in metathesis with
complexes of this general type, i.e., one silox would be axial and trans to the incoming ethylene,
but the second (equatorial) silox would be cis to the incoming ethylene. le,6 The steric problems
associated with two silox ligands ~90' to one another would seem to be too significant to
overcome. (Another example of a dramatic slowing of a reaction involving complexes that
contain two silox ligands is the failure of trigonal planar W(N-t-Bu)(silox) 213 to dimerize to give
W2 species,2 1 i.e., (t-BuN)(silox)2W=W(N-t-Bu)(silox)2.). On the basis of what we have found
here, it is difficult to prepare reactive alkylidenes that at the same time are relatively stable
toward bimolecular decomposition. However, recently disclosed results show that MAP
catalysts are able to provide long-lived ethenolysis activity, so it would appear that stable and
reactive methylene complexes might be isolable in the right circumstances.
Perhaps the most interesting of the compounds we have encountered here are the
Mo(NR)(CHR')(silox)(pyrrolyl) species, since they are members of a class of
Mo(NR)(CHR')(OR")(pyrrolyl) species that have been shown to have unusual reactivities and
selectivities for enyne metathesis reactions.5  They also are members of a larger
M(NR)(CHR')(X)(Y) class in which X and Y are a "donor" and "acceptor," which a recent
theory suggests are especially efficient catalysts when the acceptor is in an equatorial position in
a distorted TBP as an olefin approaches Mo. 6 However, it is not clear what the steric preference
for various combinations of silox and substituted pyrrolyls will be, and whether the steric
preference coincides with the electronic preference.
CONCLUSIONS
Incorporation of extreme steric protection at the metal center of molybdenum imido
alkylidene complexes was studied using bulky siloxide ligands. In cases where the siloxide was
particularly large (i.e. silox) reactivity towards olefins was nearly, if not completely, shut down.
Variation of the siloxide ligand resulted in complexes with similar reactivity as compound 1 or
reactivity reminiscent of well-characterized dialkoxide systems.22 An analog of the proposed
intermediate in the formation of molybdenum imido alkylidene dialkoxide complexes from
dipyrrolyl precursors was isolated and crystallographically characterized. Complexes 2a and 3a
showed the ability to form transiently stable Mo(VI) methylidenes without the aid of a Lewis
base (e.g. PMe3, THF, etc.), which is generally required to stabilize these sterically
unencumbered complexes.
EXPERIMENTAL
General. All manipulations were performed in oven-dried (200 *C) glassware under an
atmosphere of nitrogen on a Schlenk line or in a Vacuum Atmospheres glovebox. HPLC grade
organic solvents were sparged with nitrogen, passed through activated alumina, and stored over 4
A Linde-type molecular sieves prior to use. Benzene-d 6 and toluene-d were dried over
sodium/benzophenone ketyl and distilled in vacuo prior to use. o-Dichlorobenzene-d 4 was dried
over CaH2 and vacuum distilled prior to use. NMR spectra were recorded on Varian Mercury
and Varian INOVA spectrometers operating at 300 and 500 MHz ('H), respectively. Chemical
shifts for 'H and 13C spectra were referenced to the residual 'H/13C resonances of the deuterated
solvent and are reported as parts per million relative to tetramethylsilane. "F and 29Si NMR
spectra were referenced externally to fluorobenzene (6 = -113.15 ppm upfield of CFCl3) and
tetramethylsilane (6 = 0.00 ppm). Elemental analyses were performed by H. Kolbe
Microanalytics Laboratory, M lheim an der Ruhr, Germany.
Mo(NR)(CHCMe 2R')(OTf)2(DME) and Mo(NR)(CHCMe 2R')(pyr)2 complexes were prepared
according to published procedures cited in the text. H(silox) was a generous donation from the
Wolczanski Group (Cornell University, Ithaca, NY). (Me3Si)3SiOH and Me2(t-Bu)SiOH were
synthesized from the corresponding silylchloride via two-phase hydrolysis using NEt3 as an acid
scavenger.2 Tri-isopropylsilanol was prepared as reported by Wolczanski.24 (t-BuO)3SiOH,
Ph 3SiOH, 1-hexene, 3-hexene, Me3COH, Me2(CF 3)COH, Me(CF 3)2COH, (CF3)3COH, 2,6-
diisopropylphenol, and C6F50H were purchased from Sigma-Aldrich Co. (St. Louis, MO) and
were degassed via either successive freeze-pump-thaw cycles (liquids) or left under high vacuum
(0.005 mm Hg) for 18 hours and finally dried via storing the neat liquid or a toluene solution
over activated sieves. Ph3SiOK was produced via the reaction of Ph3SiOH with KH in THF.
Ethylene was purchased from Airgas East (Hingham, MA) and dried via passage through 20 cm
x 5 cm column of anhydrous CaSO 4.
Crystallography. Low temperature diffraction data were collected on a Siemens Platform three-
circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-
monochromated MoKa radiation (X = 0.71073 A), performing (p- and w-scans. All structures
were solved by direct methods using SHELXS and refined against F2 on all data by full-matrix
least squares with SHELXL-97. 26 All non-hydrogen atoms were refined anisotropically. Unless
described otherwise, all hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups).
Mo(NAd)(CHCMe 2Ph)(silox) 2 (1b). Mo(NAd)(CHCMe 2Ph)(pyr)2 (300 mg, 0.59 mmol) and
H(silox) (254 mg, 1.2 mmol, 2.02 eq) were weighed and transferred to a 50 mL solvent bulb
style flask equipped with a Teflon stopcock. Toluene (10 mL) was added and the solution was
degassed three times. The sealed flask was then submerged in a silicon oil bath and heated to
120 'C for 18 h over which time the solution became dark orange in color. The solution was
then allowed to cool to room temperature and all volatiles were removed in vacuo. The resulting
yellow-orange solid was heated to 60 'C under high vacuum for 4 h in order to remove all
toluene and pyrrole. The product was crystallized from pentane at -30 'C to give lb as yellow-
orange blocks (319 mg, 0.39 mmol, 66% yield): 1H NMR (C6D6) 6 11.08 (s, 1H, JCH 119 Hz,
Mo=CH), 7.46 (d, 2H, CMe2Ph), 7.21 (m, 2H, CMe2Ph), 7.07 (t, 1H, CMe 2Ph), 2.25 (br, 6H,
NAd), 1.95(br, 3H, NAd), 1.89 (s, 6H, CMe2Ph), 1.51 (m, 6H, NAd), 1.24 (s, 54H, silox);
13C{'H} NMR (C6D6) 6 257.6 (Mo=C), 150.7 (CMe 2Ph), 128.8 (CMe 2Ph), 126.2 (CMe 2Ph),
75.8 (NCAd), 50.2 (CMe2 Ph), 45.7 (Ad), 36.6 (Ad), 32.9 (Ad), 30.8 (SiCMe), 24.3 (SiCMe 3);
2 9 Si{1H} NMR (C6D6) 6 8.14. Anal. caled for C44 H8 1NO2 Si2 Mo: C, 65.39; H, 10.10; N, 1.73.
Found: C, 65.48; H, 10.06; N, 1.70.
Mo(NAr)(CHCMe 2Ph)(silox)(pyr) (2a). Mo(NAr)(CHCMe 2Ph)(pyr)2 (500 mg, 0.93 mmol)
and H(silox) (204 mg, 0.94 mmol, 1.01 eq) were weighed and transferred to a 50 mL solvent
bulb style flask equipped with a Teflon stopcock. Toluene (15 mL) was added and the reaction
was allowed to stir at room temperature. After 4 h all volatiles were removed in vacuo to give a
dark yellow oil. Pentane (10 mL) was then condensed into the flask and all volatiles removed
again after 15 min. This procedure was repeated three times. The resulting solid was dried at 60
'C under high vacuum for 4 h in order to remove all volatile components. The product was
crystallized from pentane at -30 'C to give two crops of 2a as yellow blocks (446 mg, 0.65
mmol, 70% yield): 'H NMR (C6D6) 6 12.69 (s, 1H, JCH 118 Hz, Mo=CH), 7.37 (d, 2H), 7.19 (m,
1H), 7.07 (m, 2H, pyr-aH), 7.00 (m, 4H), 6.96 (t, 1H), 6.47 (m, 2H, pyr-pH), 3.79 (septet, 2H,
CHMe2), 1.74 (s, 3H, CMe2Ph), 1.65 (s, 3H, CMe2Ph), 1.22 (d, 6H, CHMe2), 1.15 (d, 6H,
CHMe2 ), 1.23 (s, 27H, silox); 13 C{'H} NMR (C6D6) 6 285.3 (Mo=C), 154.0, 148.9, 147.2, 132.4,
129.0, 128.5, 126.9, 123.5, 123.8, 111.4, 55.9 (CMe2 Ph), 31.6 (CMe2 Ph), 30.9 (CMe2 Ph), 30.3
(SiCMes), 29.2 (CHMe2), 25.4 (SiCMe3), 23.9 (CHMe2), 23.7 (CHMe2 ); 29 Si 'H} NMR (C6D6) 6
13.67. Anal. calcd for C3 8H6 0N2 OSiMo: C, 66.64; H, 8.83; N, 4.09. Found: C, 66.48; H, 8.72;
N, 4.01.
Mo(NAr)(CHCMe 2Ph)(silox)(OTf) (3). 250 mg Mo(NAr)(CHCMe 2Ph)(OTf)(DME) (0.32
mmol) was weighed and dissolved in 10 mL of -30 'C THF. 69.4 mg of Li(silox)*THF (0.34
mmol, 1.05 eq) was added portionwise to the rapidly stirring solution over the course of 5 min.
The solution was then allowed to warm to room temperature and was stirred for 4 h during which
time the color of the solution changed from translucent yellow to dark orange concomitant with
the formation of Li(OTf). All volatile components were removed in vacuo and resulting dark
yellow oil was extracted with 20 mL of CH2Cl 2 which was filtered through fine porosity sintered
glass frit. The resulting solid was dissolved in 2 mL of Et2O and left at -30 'C which allowed for
the precipitation of Mo(NAr)(CHCMe 2Ph)(OTf)(DME) (98 mg, 0.126 mmol) which was filtered
off and the resulting oil was dissolved in a minimum of pentane. Recrystallization at -30 'C
gave 3 as orange blocks (87 mg, 11 mmol) in 58% yield accounting for recovered
Mo(NAr)(CHCMe 2Ph)(OTf)(DME). The dark orange mother liquor contained
Mo(NAr)(CHCMe 2Ph)(silox) 2. HNMR (C6D6): 613.41(s, lH, JCH 122 Hz, Mo=CH), 7.22 (m,
4H, CMe 2Ph + Ar), 7.09 (t, 2H, CMe 2Ph), 6.96 (m, 2H, CMe 2Ph + Ar), 3.70 (septet, 2H,
CHMe2 ), 1.91 (s, 3H, CMe2Ph), 1.59 (s, 3H, CMe2Ph), 1.26 (d, 6H, CHMe2), 1.20 (d, 6H,
CHMe2), 1.10 (s, 27H, silox). 19F NMR (C6D6): 8 -74.62; Anal. calcd for MoC 35H56F3NO4SSi:
C, 54.74; H, 7.35; N, 1.82. Found: C, 54.65; H, 7.30; N, 1.78.
In situ preparation of Mo(NAr)(CHCMe 2Ph)(silox)[OCMe2(CF3)I (4a).
Mo(NAr)(CHCMe 2Ph)(silox)(pyr) (25 mg, 0.037 mmol) was weighed and transferred to a 5 mm
NMR tube equipped a Teflon stopcock (J. Young, Berkshire, UK). The solid was dissolved in
0.7 mL of C6D6 and 4 piL of HOCMe 2(CF 3) (0.038 mmol, 1.05 eq) was added via syringe. The
tube was then heated to 60'C for 12 h via an oil bath. After 4 h at 60 'C
Mo(NAr)(CHCMe 2Ph)(silox)[OCMe 2(CF 3)] was formed in 95% yield according to IH NMR
studies: 'H NMR (C6D6) 6 11.77 (s, lH, JCH 121 Hz, Mo=CH), 7.36 (d, 2H, CMe2Ph), 7.12 (m,
4H, CMe2Ph + Ar), 7.01 (m, 2H, CMe 2Ph + Ar), 3.80 (septet, 2H, CHMe2), 1.75 (s, 3H,
CMe2Ph), 1.65 (s, 3H, CMe2Ph), 1.22 (m, 9H, CHMe2 + OCMe2(CF3)), 1.15 (m, 9H, CHMe2 +
OCMe2 (CF3)), 1.11 (s, 27H, silox); '9F NMR (C6D6) 6 -74.62.
In situ preparation of Mo(NAr)(CHCMe 2Ph)(silox)[OCMe(CF 3)2 (4b). A procedure
analogous to the preparation of 3a employing 25 mg of Mo(NAr)(CHCMe 2Ph)(silox)(pyr)
(0.037 mmol) and 4.5 pL of HOCMe(CF 3)2 (0.038 mmol, 1.05 eq) produced a 100% yield of 3b:
'H NMR (C6D6) 6 12.14 (s, 1H, JCH 122 Hz, Mo=CH), 7.28 (d, 2H, CMe2Ph), 7.15 (m, 4H,
CMe2Ph + Ar), 6.99 (m, 2H, CMe2Ph + Ar), 3.78 (septet, 2H, CHMe2 ), 1.77 (s, 3H, CMe2Ph),
1.44 (s, 3H, CMe2Ph), 1.34 (m, 3H, OCMe(CF3)2), 1.23 (d, 6H, CHMe2), 1.20 (s, 27H, silox),
1.15 (d, 6H, CHMe2 ),; 19F NMR (C6D6): 6 -76.74 (q, 3F), -77.91 (q, 3F).
In situ preparation of Mo(NAr)(CHCMe 2Ph)(silox)[OC(CF 3)3] (4c). A procedure analogous
to the preparation of 3a employing 25 mg of Mo(NAr)(CHCMe 2Ph)(silox)(pyr) (0.037 mmol)
and 5.1 ptL of HOC(CF3)3 (0.038 mmol, 1.05 eq) yielded 3c in 95% yield: IH NMR (C6D6) 6
12.57 (s, 1H, JCH 122 Hz, Mo=CH), 7.25 (d, 2H, CMe2Ph), 7.10 (m, 4H, CMe2Ph + Ar), 7.07
(m, 2H, CMe 2Ph + Ar), 3.68 (septet, 2H, CHMe2), 1.94 (s, 3H, CMe2Ph), 1.26 (s, 3H, CMe2Ph),
1.18 (s, 27H, silox), 1.14 (d, 6H, CHMe), 1.07 (d, 6H, CHMe2); 19F NMR (C6D6) 6 -73.26.
In situ Preparation of Mo(NAr)(CHCMe 2Ph)(silox)(OAr) (4d). A procedure analogous to the
preparation of 3a employing 25 mg of Mo(NAr)(CHCMe 2Ph)(silox)(pyr) (0.037 mmol) and 8.5
pL of HOAr (0.038 mmol, 1.05 eq) yielded 3d in 95% yield: 'H NMR (C6D6) 6 11.68 (s, 1H, JCH
123 Hz, Mo=CH), 7.38 (d, 2H, OAr), 7.19 (m, 2H, CMe 2Ph), 7.02 (m, 4H, CMe 2Ph + Ar), 6.94
(m, 3H, CMe2Ph + Ar + OAr), 3.44 (septet, 4H, Ar CH + OAr CH), 1.79 (s, 3H, CMe2 Ph), 1.76
(s, 3H, CMe2Ph), 1.27 (s, 27H, silox), 1.21 (overlapping d, 12H, Ar CHMe2 + OAr CHMe2 ), 1.14
(d, 6H, OAr CHe 2 ), 0.91 (d, 6H, Ar CHMe2).
In situ preparation of Mo(NAr)(CHCMe 2Ph)(silox)(OC 6F5 ) (4e).
Mo(NAr)(CHCMe 2Ph)(silox)(pyr) (25 mg, 0.037 mmol) and HOC 6F5 (6.8 mg, 0.038 mmol, 1.05
eq) were combined in procedure analogous to that for 3a; yield 100%: 'H NMR (C6D6) 6 12.43
(s, 1H, JCH 120 Hz, Mo=CH), 7.07 (m, 8H, CMe2Ph + Ar), 3.87 (septet, 2H, CHMe2 ), 1.77 (s,
3H, CMe2Ph), 1.44 (s, 3H, CMe2Ph), 1.34 (m, 3H, OCMe(CF3)2), 1.27 (m, 12H, CHMe2), 1.22
(s, 27H, silox); "9F NMR (C6D6): 6 -160.09 (d, 2F), -166.16 (t, 2F), -166.16 (t, IF).
In situ preparation of Mo(NAr)(CHCMe 2Ph)(silox)[(-)-menthoxide] (4f). From 15 mg of
Mo(NAr)(CHCMe 2Ph)(silox)(pyr) (0.022 mmol) and 3.6 mg of (-)-menthol (0.023mmol, 1.05
eq) as for 3a; 100% yield according to 'H NMR.
In Situ preparation of Mo(NAr)(CHCMe 2Ph)(silox)[(-)-borneoxide] (4g). From 15 mg of
Mo(NAr)(CHCMe 2Ph)(silox)(pyr) (0.022 mmol) and 3.5 mg of (-)-borneol (0.023 mmol, 1.05
eq) as for 3a; 100% yield according to 'H NMR.
Mo(NAd)(CHCMe 2Ph)[OSi(TMS) 3] 2 (5). This complex was prepared by treating 300 mg of
Mo(NAd)(CHCMe 2Ph)(pyr)2 (0.59 mmol) with 314 mg of HOSi(TMS) 3 (1.2 mmol, 2.02 eq) in a
manner analogous to that of complex 2a. The product can be crystallized via slow evaporation
in vacuo of a -30 'C pentane solution to yield orange microcrystals (517 mg, 0.57 mmol, 97%
yield): 1H NMR (C6D6) 6 10.88 (s, 1H, JCH 120 Hz, Mo=CH), 7.47 (d, 2H, CMe2Ph), 7.25 (t,
2H, CMe2Ph), 7.09 (t, 1H, CMe2Ph), 2.16 (br, 6H, NAd), 1.98(br, 3H, NAd), 1.87 (s, 6H,
CMe2Ph), 1.53 (m, 6H, NAd), 0.31 (s, 54H, silox*); 13C{'H} NMR (C6D6) 6 254.2 (Mo=C),
151.5 (CMe 2Ph), 128.9 (CMe 2Ph), 126.8 (CMe 2Ph), 74.6 (NCAd), 49.8 (CMe2 Ph), 46.0(Ad),
36.6 (Ad), 33.7 (Ad), 30.5 (CMe2 Ph), 0.55 (SiMes); 29 5i 'H} NMR (C6 D6) 6 9.59 (P Si), -16.42
(a Si). Anal. calcd for C3 8H 81MoNO 2 Si8 : C, 50.45; H, 9.02; N, 1.55. Found: C, 50.65; H, 8.96;
N, 1.48.
Mo(NAd)(CHCMe 2Ph)[OSi(O-t-Bu) 3]2 (6). This complex was prepared from 300 mg of
Mo(NAd)(CHCMe 2Ph)(pyr)2 (0.59 mmol) and 314 mg of HOSi(O-t-Bu) 3 (1.2 mmol, 2.02 eq) in
a manner analogous to that of complex 2a. Crystallization of the crude product from pentane at -
30 'C produced yellow fibrous needles (429 mg, 0.51 mmol) in 87% yield: 1H NMR (C6D6) 6
12.63 (s, 1H, JCH 154 Hz, anti-Mo=CH ~11%), 611.44 (s, 1H, JCH 121 Hz, syn-Mo=CH ~89%),
7.59 (d, 2H, CMe2Ph), 7.31 (in, 2H, CMe2Ph), 7.12 (t, 1H, CMe2Ph), 2.14 (br, 6H, NAd),
1.95(br, 3H, NAd), 1.85 (s, 6H, CMe2Ph), 1.53 (in, 6H, NAd), 1.48 (s, 54H, silox'); 13C{H}
NMR (C6D6 ) 6 262.5 (Mo=C), 152.2 (CMe2Ph), 127.5(CMe2Ph), 126.2 (CMe2Ph), 72.7
(NCAd), 50.9 (CMe2 Ph), 45.6 (Ad), 36.5 (Ad), 33.6(Ad), 32.3(SiOCMe), 30.4 (SiOCMe 3);
29 Si{'H} NMR (C6D6) 6 -92.21. Anal. calcd for C44H81MoNO8Si 2 : C, 58.44; H, 9.03; N, 1.55.
Found: C, 58.29; H, 9.06; N, 1.48.
Mo(NAr)(CHCMe 2Ph)[OSiMe 2(t-Bu)] 2 (7). This complex was prepared from 300 mg of
Mo(NAr)(CHCMe 2Ph)(pyr)2 (0.59 mmol) and 159 mg of HOSiMe2(t-Bu) (1.2 mmol, 2.02 eq) in
a manner analogous to that of complex 2a. Crystallization of the crude product from pentane at -
30 'C gave 7 as orange blocks (358 mg, 0.54 mmol) in 91% yield: 'H NMR (C6D6) 6 11.13 (s,
1H, JCH 120 Hz, Mo=CH), 7.36 (m, 4H, CMe 2Ph + NAr), 7.19 (m, 4H, CMe 2Ph + NAr), 3.83
(septet, 2H, CHMe2), 1.67 (s, 6H, CMe2Ph), 1.25 (d, 12H, CHMe2 ), 1.05 (s, 9H, OSiMe2 (t-Bu)),
0.17 (s, 6H, OSiMe2(t-Bu)), 0.12 (s, 6H, OSiMe2 (t-Bu)). '3C{'H} NMR (C6D6) 6 267.9 (Mo=C),
154.0, 150.0, 147.4, 137.1, 136.1, 135.8, 130.3, 128.5, 126.5, 126.3, 123.6, 54.0 (CMe 2Ph), 32.1
(CMe2Ph), 29.4 (CHMe2 ), 23.9 (CHMe2); 29 Si 'H} NMR (C6D6) 6 -11.62. Anal. calcd for
C34H59MoNO 2Si 2 : C, 61.32; H, 8.93; N, 2.10. Found: C, 61.18; H, 8.85; N, 2.05.
Mo(NAr)(CHCMe 2Ph)(OSiPh) 2 (8). Mo(NAr)(CHCMe 2Ph)(OTf)(DME) (250 mg, 0.32
mmol) was weighed and dissolved in 10 mL of diethyl ether and the solution was cooled to -30
0C. K(OSiPh3) (204 mg, 0.65 mmol, 2.02 eq) was added in portions to the rapidly stirred
solution over the course of 5 min. The solution was then allowed to come to room temperature
and was stirred for 4 h during which time the color of the solution changed from translucent
yellow to dark yellow concomitant with the formation of KOTf. All volatile components were
removed in vacuo and the resulting dark yellow oil was extracted with 20 mL of toluene. The
extract was filtered through a fine porosity glass frit. The toluene was removed from the filtrate
to yield a dark yellow oil which was triturated with pentane to yield a yellow microcrystalline
solid and a brown mother liquor. The solid was collected via filtration and recrystallized from
hot pentane (~35 'C) to yield 7 as yellow microcrystals (238 mg, 0.25 mmol) in 79% yield: 'H
NMR (C6D6 ) 6 11.18 (s, 1H, JCH 123 Hz, Mo=CH), 7.75 (d, 1H, CMe2Ph), 7.69 (d, 12 H,
OSiPhs), 7.18 (t, 6H, OSiPhs), 7.15 (m, 4H, CMe2Ph + Ar), 7.10 (t, 12H, OSiPhs), 7.06 (m, 2H,
CMe2Ph), 6.98 (t, 1, CMe 2Ph), 3.69 (septet, 2H, CHMe 2), 1.51 (s, 6H, CMe2Ph), 1.00 (d, 12H,
CHMe2). "C{'H} NMR (C6D6) 6 261.7 (Mo=C), 153.6, 150.5, 146.9, 128.8, 126.6, 126.4,
126.2, 123.7, 53.7, 32.0, 28.9, 26.6, 24.3, 19.8, -2.3, -2.7; 2 9 Si 'H} NMR (C6 D6) 6 19.95. Anal.
caled for C5 8H59MoNO 2Si2 : C, 73.01; H, 6.23; N, 1.47. Found: C, 72.88; H, 6.20; N, 1.45.
W(NAr)(CHCMe3)(silox)(pyr) (9). 184 mg of W(NAr)(CHCMe 2Ph)(pyr) 2 (0.28 mmol) and
63 mg H(silox) (0.29 mmol, 1.02 eq) were weighed and transfer to a 50 mL solvent bulb style
flask equipped with a Teflon stopcock. 15 mL of toluene was added and the reaction was
allowed to stir at 23 'C. After 2 h had elapsed all volatile were removed in vacuo and the
resulting dark yellow-red oil to which 5 mL of pentane was then condensed into the flask and the
solution via vacuum transfer bridge and the resulting solution was allowed to stir for 15 min after
which all volatiles were removed. This procedure was repeated thrice and the resulting solid was
dried at 50 'C under high vacuum for 4 h to affect total removal of volatile components.
Crystallization from saturated pentane solution at -30 'C gave 7 as yellow shards (124 mg, 0.65
mmol) in 62% yield. 'H NMR (C6D6 ): 69.73 (s, 1H, JCH = 111 Hz, JCH = 17 Hz, Mo=CH), 7.14
(m, 2H, pyr-aH), 7.11 (d, 2H), 7.06 (t, 1H), 6.43 (m, 2H, pyr-H), 3.74 (septet, 2H, CHMe2),
1.24 (s, 6H, CMes), 1.23 (d, 6H, CHMe2), 1.19 (d, 6H, CHMe2 ), 1.13 (s, 27H, silox). Anal.
calcd. for C33H5 8N2OSiMoW: C, 55.77; H, 8.23; N, 3.94%. Found: C, 55.68; H, 8.36; N, 3.89%.
Table 2.1. Crystal data and structure refinement for complex lb.
Identification code 06162
Empirical formula MoC4H 81NO2Si 2
Formula weight 808.22
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a = 30.5622(9) A
b = 18.2552(6) A
c = 22.2579(7) A
Volume 9118.7(5) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 28.46'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 90'
P = 132.7510(10)0
7 = 900
8
1.177 Mg/m 3
0.374 mm-1
3504
0.30 x 0.25 x 0.11 mm3
1.44 to 28.460
-40<=h<=40, -24<=k<=24, -29<=1<=29
94706
11458 [R(int) = 0.0973]
99.5 %
Semi-empirical
0.9600 and 0.8961
Full-matrix least-squares on F2
11458 / 100 / 560
1.016
RI = 0.0425, wR2 = 0.0917
RI = 0.0690, wR2 = 0.1044
0.732 and -0.306 e.A-3
Table 2.2. Crystal data and structure refinement for complex 2b.
Identification code 06199
Empirical formula MoC38H6ON2OSi
Formula weight 684.91
Temperature 110(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a= 12.03 8(2) A
b = 12.567(3) A
c = 12.897(3) A
1925.1(7) A3Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.57*
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 81.45(3)'
p = 86.62(3)0
y= 87.79(3)0
1.182 Mg/m 3
0.401 mm-1
732
0.25 x 0.15 x 0.10 mm3
1.60 to 29.57'
-16<=h<=16, -17<=k<=17, -17<=l<=17
43269
10721 [R(int) = 0.0338]
99.2 %
Semi-empirical
0.9610 and 0.9065
Full-matrix least-squares on F2
10721 / 40 / 388
1.055
R1 = 0.0352, wR2 = 0.0955
RI = 0.0418, wR2 = 0.1021
1.250 and -0.336 e.A.3
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CHAPTER 3
New Precursors for in situ Generation of Molybdenum Olefin Metathesis Catalysts
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INTRODUCTION
The development of well-defined olefin metathesis catalysts has endowed synthetic
chemists with the ability to create carbon-carbon bonds' in both an efficient and environmentally
friendly way, due the lack of "activation" required for traditional cross-coupling methodologies.2
High oxidation state complexes of the type M(NR)(CHR')(OR") 2 or M(NR)(CHR')(diolate) (M =
Mo or W) are established, well-defined catalysts for a variety of symmetric and asymmetric
olefin metathesis reactions. 3 One of the keys to the success of the "Schrock Catalyst" is
modularity: both steric and electronic factors can be changed via exchange of either the imide
substituent or the ancillary ligands (see "Chapter 1"). The imide substituent can be a wide
variety of aryl4 and alkyl4,5 moieties. Due the large library of ancillary alkoxide ligands that have
been employed, it was of interest to prepare species of the type, M(NR)(CHCMe 2R')X2 (M =
Mo, W; R' = Me, Ph), in which X would be replaced upon by protonolysis with an alcohol,
phenol, or diols. Additionally, such species would allow for the in situ generation of catalysts.
In order for these species to be used as in situ catalyst precursors two criteria would need to be
met. First, the reactions needed to be high yielding and free of side reactions that could lead to
byproducts, which could also consume the substrate. Second, the conjugate acid of X needs to
be a poor ligand so as to not interfere with the catalytic reaction.
The first foray into precursors for the in situ generation of the "Schrock catalyst"
involved molybdenum imido alkylidene dialkyl complexes, Mo(NAr)(CHR)(CH 2R') 2 (R = R'=
CMe3 or CMe2Ph). It was shown that these species often only reacted with one equivalent of an
alcohol or phenol to yield Mo(NAr)(CHR)(CH 2R')(OR") or Mo(NAr)(CH 2 R)3 (OR") species.6 it
was also shown that with species in which X= NPh2, protonation of both X groups was possible,
but was often slow and incomplete.7 Additionally, it was found that both the dialkyl and
diphenylamido complexes, upon reaction with partially dehydroxylated silica, gave highly
active, well-defined, surface supported monoalkyl monosiloxide imido alkylidene complexes.8
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Because reactions to give dialkoxide complexes were slow or incomplete with the
previously mentioned complexes, a better species was sought. It was found that
Mo(NR)(CHCMe 2R')(NC4H4)2 species could be prepared in high yields and that they would
react with alcohols, phenols, and diols to give bisalkoxide metathesis catalysts.9  An x-ray
structural study of Mo(NAr)(CHCMe 2Ph)(NC4H4)2 (Ar = 2,6-i-Pr2C6H3) showed it to be an
asymmetric dimer (Equation 3.1), {Mo(NAr)(CHCMe 2Ph)(5 -NC4H4)(I'-
NC4H4)} {Mo(NAr)(CHCMe 2Ph)(i1-NC4 H4)2}, in which the nitrogen in the 11 5-pyrrolyl is acting
as a Lewis base to other molybdenum center.9 In solution the complex is highly fluxional and a
variable temperature 'H NMR study indicated that this fluxionality arises from monomer-dimer
equilibrium.9 Accessibility to intermediate Mo(NAr)(CHCMe 2Ph)(TI'-NC4H4)2 as part of the
fluxional process is proposed to be the reason why {Mo(NAr)(CHCMe 2Ph)(j5 -NC4H4)(j' -
NC 4H4)}{Mo(NAr)(CHCMe 2Ph)(i-NC4H4)2} reacts readily with alcohols to give monoalkoxide
and bisalkoxide species. It is proposed that the alcohol coordinates to an electron deficient
metal center (probably 14 e-) before a proton transfers to a pyrrolide ligand. Bis(2,5-
dimethylpyrrolide) complexes, Mo(NR)(CHCMe 2Ph)(Me 2Pyr)2, have also prepared and shown
to be precursors to biphenolate and binaphtholate complexes upon addition of various biphenols
or binaphthols.10 Alcohols were shown to add to bisdimethylpyrrolide species also to give
monoalkoxide monopyrrolide (MAP) complexes, which are the first "Schrock catalysts" to
catalyze enyne metathesis." Recent work in which the alkoxide in the MAP species is an
enantiopure, monoprotected, partially hydrogenated binaphthol compound, suggests that
reactions that involve diastereomeric metal catalysts with dramatically different reactivities
constitute a new approach to asymmetric metathesis.12 Additionally, MAP catalysts which
contain a sterically encumbered phenoxide ligand (e.g. ~0-2,6-(2,4,6-i-Pr 3-C6H2)2-C6H3
OHIPT) are able to give products with high cis contents, either through ring-opening metathesis
polymerization or cross metathesis.13
This chapter reports the synthesis, characterization, and reactivity of molybdenum imido
alkylidene complexes which contain indolide, pyrazolate, benzyl, pyridyl-pyrrolide, and
cyclopentadienyl ligands. The intention was to prepare additional complexes which could be
employed for the in situ generation of mono- and bisalkoxide "Schrock catalysts". In general, it
was found that the previously reported pyrrolide and 2,5-dimethylpyrrolide complexes have a
unique mixture of factors which makes them specially suited for the in situ generation of
molybdenum or tungsten imido alkylidene mono- and bisalkoxide complexes.
RESULTS
3.1. Molybdenum Imido Alkylidene Indolide Complexes.
3.1.1. Synthesis and Characterization.
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Addition of two equivalents of Li(ind) 4  (ind = indolide) to
Mo(NAr)(CHCMe 2Ph)(OTf)2(DME)' 5 at -30 0C cleanly produces Mo(NAr)(CHCMe 2Ph)(ind)2
(1) in 76 % yield after crystallization from saturated Et2O at room temperature. 1H NMR spectra
(~50 mM/C 6D6/23 C) are consistent with a four-coordinate Cs symmetric species, which implies
that the two indolide ligands both assume a rI configuration. Spectra also show rotation about
the Nimide-Cipso bond is rapid. These data are consistent with the structure shown in Equation 3.2.
The alkylidene proton displays a JCH of 116 Hz, indicating a syn orientation of the alkylidene
with respect to the imido. Mo(NAd)(CHCMe 2Ph)(ind)2 (2) was prepared from
Mo(NAd)(CHCMe 2Ph)(OTf)2(DME)16 and two equivalents of Li(ind), though toluene rather the
diethyl ether must be employed as the reaction solvent. 1H NMR spectra of 2 in C6D6 at 23 'C
(-50 mM) also support assignment of a Cs symmetric structure with a syn orientation of the
alkylidene (JCH = 113 Hz).
C(11)
N(1)
Figure 3.1. Solid state structure of compound 1. Selected bond lengths (A) and angles (*):
Mo(1)-N(1) = 1.7317(10), Mo(1)-C(l) = 1.8626(12), Mo(1)-N(2) = 2.0288(10), Mo(l)-N(3) =
2.0288(10), Mo(l)-N(1)-C(l 1) = 175.04(9), Mo(l) -C(l)- C(2) = 148.49(9), N(2)-Mo(l)- N(3) =
120.58(4).
X-ray quality crystals of 1 were obtained from toluene at -30 *C and a thermal ellipsoid
plot is shown in Figure 3.1. The complex assumes a pseudo-tetrahedral geometry similar to
other crystallographically characterized molybdenum imido alkylidene complexes.' 7 The Mo-
N(indolide) distances were found to be -2.0 A which is similar to those found for molybdenum
rll-N(pyrrolide) distances.9"11 The Mo(1)-N(1)-C(1 1) and Mo(1)-C(1)-C(2) angles of 175.04(9)0
and 148.49(9)' are unremarkable, but the N(2)-Mo(l)-N(3) angle of 120.58(4)0 is larger than
what is found in other pseudo-tetrahedral molybdenum imido alkylidenes and is possibly due to
steric repulsion of the two indolyl benzene rings.
The I, 9 configuration of the indolyl ligands in complex 1 is quite unusual when
compared to the crystallographically characterized complexes [Mo(NAr)(CHCMe 2Ph)(pyr)2]2, 9
Mo(NAd)(CHCMe 2Ph)(2,5-Me2pyr)2, and Mo(NAr)(CH-t-Bu)(2,5-Ph 2pyr) 2, which all
contain i-bound pyrrolyl ligands. One possible explanation for this result can be found in the
differences in resonance stabilization energies of pyrrole and indole. The resonance energy of
pyrrole is 105 KJ/mol and the resonance energy of indole has been found to be 200 KJ/mol,
which is some 55 KJ/mol less than the expected value (the value would be assumed to be the 105
KJ/mol (resonance energy of pyrrole) + 150 KJ/mol (resonance energy of benzene) = 255
KJ/mol).19 The lowered aromatic nature of indole versus pyrrole might allow for more p-R
donation from the indolyl nitrogen to molybdenum, and therefore better satiates the electrophilic
metal center precluding the need for 7r coordination, e.g. i5 coordination. There are several
crystallographically characterized examples of transition metal indolide complexes which feature
il indolide coordination,20 6 coordination, and g 2 -r 1,9 6 coordination, but only one example
of crystallographically authenticated rj bound indolyl exists in the form of the structure of
tricarbonyl(1 5-2-methylindolyl) manganese.23
Addition of excess tetrahydrofuran to complex 1 results in the formation of the Lewis
base adduct Mo(NAr)(CHCMe 2Ph)(ind)2(THF) (3). 'H NMR spectra at 23 'C in C6D6 solution
indicate a Cs symmetric complex, which is consistent with the TBP geometry depicted in
Equation 3.3. The THF a and P protons appear as relatively well defined resonances at 3.08 and
0.90 ppm, respectively, which is consistent with static coordination. The alkylidene a-H
resonates at 12.67 ppm and displays a JCH of 120 Hz which indicates a syn orientation of the
alkylidene with respect to the imide.
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3.1.2. Reactivity with Alcohols, Phenols, and Olefins.
X 5 mol% 1 2 or 3 I X
C6D6 , 1 h, 23 C + C2H4 (34)
X=NTs, 0
Molybdenum imido alkylidene dipyrrolide and bis-2,5-dimethylpyrrolide complexes do
not react readily with olefins due to the presence of a-bound pyrrolyl ligands that electronically
saturate the metal center. It was of interest to investigate whether the il, rI configuration of the
indolyl ligands in 1, 2, and 3 would allow for reaction with olefins. Full consumption of either 1,
2, or 3 by ethylene (1 atm) or 1-hexene was observed within 15 minutes at 22 'C in C6D6
solution. The reaction products are complex, and therefore no assignment of said products can
be given. [Mo(NAr)(CHCMe 2Ph)(pyr)2]2 and Mo(NAr)(CHCMe 2Ph)(2,5-Me2pyr)2 fail to react
with these same substrates under the same conditions or upon extended heating (80 *C, 7 days).
Complexes 1, 2, and 3 are active catalyst for the ring closing of diallyltosylamine or allylether to
give 1-tosyl-2,5-dihydro-pyrrole or 2,5-dihydrofuran, respectively, (equation 3.4) in full
conversion after one hour.
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Reaction of Mo(NR)(CHCMe 2Ph)(ind)2 (R = Ar, Ad) and with two equivalents of either
t-butanol, trifluoro-t-butanol, hexafluoro-t-butanol, nonafluoro-t-butanol, or diisopropylphenol
in C6D6 solution (-40 mM) at 23 'C cleanly produces Mo(NR)(CHCMe 2Ph)(OR') 2 and two
equivalents or indole (Equation 3.5), as determined by 'H NMR spectra of the reaction mixture.
Formation of byproducts is not observable at the concentrations studied. Additionally, no
monoalkoxide monoindolide intermediates were observed during IH NMR monitoring of the
reaction mixture. All the in situ prepared bisalkoxide complexes were shown to be competent
catalysts for the ring-closing metathesis of diallyltosylamine or allylether to give 1-tosyl-2,5-
dihydro-pyrrole or 2,5-dihydrofuran, respectively, (equation 3.4) in full conversion. Reactions
with one equivalent of an alcohol or phenol were explored in an effort to prepare
monoalkoxide(aryloxide) monoindolide complexes, which would be analogous to the very
successful MAP catalysts. Reaction of 1 or 2 with one equivalent of HOCMex(CF 3)y (x = 0, 1, 2,
or 3; y = 3-x) in either toluene or pentane/benzene between -30 - 23 'C, gave a complex mixture
of products from which no monoalkoxide monoindolide complex could be obtained. Similarly,
reaction of 1 or 2 with 2,6-diisopropylphenol or 2-bromo-4,6-ditertbutylphenol gave mixtures of
approximately 70:30 monoalkoxide monoindolide:bisalkoxide. Reaction of 1 with [(R)-2'-((di-
tert-butyl(phenyl)silyl)oxy)- 1,1 '-naphtholi 2 (H(Br2Bitet-TBS)) gave a 53% yield of
Mo(NAr)(CH 2CMe 2Ph)(Ind)(Br 2Bitet-TBS) (5) as a 33:1 mixture of the two possible
diastereomers (Equation 3.6). Recrystallization of the diastereomeric mixture did not lead to any
further enrichment. The structure is believed to be analogous to
Mo(NAr)(CHCMe 2Ph)(Me 2pyr)(Br 2Bitet-TBS), which has been crystallographically
24
characterized.
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Reaction of 1 mol% of 4 with the prochiral substrate, N-allyl-N-(2,6-dimethylhepta-1,6-
dien-4-yl)aniline, in C6D6 solution (substrate concentration = 0.2 M) at 23 'C over the course of
an hour results in full conversion of the substrate to the corresponding ring-closed product, 4-
methyl-2-(2-methylallyl)-1-phenyl-1,2,3,6-tetrahydropyridine (Equation 3.7), as determined by
'H NMR spectroscopy. GC analysis indicated an enantiomeric excess (ee) of only 9%. In
opposition to this, when the analogous 2,5-dimethylpyrrolide complex,
Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(Br2-Bitet-OTBS),12,24 is employed the reaction not only goes to
completion, but does so with 90% ee. The reason for this difference is not known.
Ph Ph
N N
N mol% 4
Me Me C6D6, 1 h, 23 0C Me (3.7)
Me
3.2. Molybdenum Imido Alkylidene Pyrazolate Complexes.
Unsubstituted pyrazolate ligands tend to bridge two metal centers in a p2 1 q fashion.
The introduction of sterically demanding groups in the 3,5-positions of the heterocycle leads to
the synthesis of complexes in which the pyrazolate ligand adopts a i2 configuration. 2 6 Recently
Winter and coworkers have prepared M(N-t-Bu) 2(3,5-Ph 2pz) 2 and M(N-t-Bu) 2(3,5-t-Bu 2pz) 2, (M
= Mo or W; 3,5-Ph2pz = 3,5-diphenylpyrazolate; 3,5-t-Bu2pz = 3,5-ditertbutylpyrazolate) and
these complexes showed both a high thermal stability as well as a utility for the formation of
molybdenum nitride thin films by atomic layer deposition (ALD). Additionally, it was
disclosed that these 18 e~ bisimido bispyrazolate complexes were moisture sensitive, arousing the
possibility that pyrazolate ligands might be able to react with an alcohol or phenol to yield a
alkoxide or phenoxide ligand in a similar manner to what has been observed with molybdenum
and tungsten pyrrolide and 2,5-dimethylpyrrolide complexes. 9'11
3.2.1. Synthesis and Characterization.
M2 N-N (3.8)
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Addition of two equivalents of M(3,5-dimethylpyrazolate)28 (M = Li, Na, or K) to
Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) in a variety of solvents leads to the decomposition product,
Mo(NAr)2(3,5-Me2pz) 2, in approximately 50% yield as the only isolable product. The exact
mechanism for this reaction is not known. One possible mechanism is first the formation of the
desired product, Mo(NAr)(CHCMe 2Ph)(3,5-Me2pz)2, which then reacts with another molecule of
Mo(NAr)(CHCMe 2Ph)(3,5-Me2pz)2 to give a bimetallic species bridged by a Me2pz ligand. This
species then undergoes an alkylidene-for-imido exchange yielding Mo(NAr) 2(3,5-Me2pz) 2 and
"Mo(CHCMe 2Ph)2(3,5-Me 2pz) 2". Mo(NAr) 2(3,5-Me 2pz)2 is a relatively stable 18 e~ species and
is therefore isolable; the dialkylidene is most likely highly unstable, and decomposes to some
unknown species. A similar result was also obtained when metalation of K(3-methyl-5-
phenylpyrazolate)29 was attempted.
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Due to the observed decomposition during metalation of Me2pz~, more sterically
encumbered pyrazolate ligands were employed because their greater steric bulk would preclude
any bimolecular decomposition. H(Ph2pz) and H(t-Bu2pz) can be obtained via the condensation
of hydrazine with the appropriated dione. Lithiation is affected by the addition n-BuLi to the
pyrazole in pentane. Addition of two equivalents of Li(t-Bu2pz) 30 or Li(Ph2pz)31 to
Mo(NAr)(CHCMe 2Ph)(OTf)2(DME)15 at -30 'C in Et2O gives Mo(NAr)(CHCMe 2Ph)(t-Bu 2pz) 2
(5) and Mo(NAr)(CHCMe 2Ph)(t-Bu2pz) 2 (6) in 73 and 90 % yields, respectively. ' H NMR
spectra at 23 'C in C6D6 solution (~50 mM) of both species appear Cs symmetric, with rapid
rocking (Tl'-Na -+ 2 -> 1 -Np) of the pyrazolate ligands to give equivalent resonances for the t-
Bu and Ph substituents. The alkylidene protons of 6 and 7 resonate at 13.35 and 13.10 ppm,
respectively, and both show a JCH of 124 Hz, indicative of a syn orientation of the imide.
N(1)
N(4)
Figure 3.2. A thermal ellipsoid drawing of 5 (ellipsoids at 50%; hydrogen and co-crystallized
solvent atoms omitted). Selected bond lengths (A) and angles (0): Mo(l)-N(l) = 1.7(2), Mo(l)-
C(l) = 1.92(5), Mo(l)-N(2) = 2.2(4), Mo(l)-N(3) = 2.1(3), Mo(1)-N(4) = 2.053(13), Mo(l)-
N(5)= 2.33(6); Mo(1)-N(l)-C(1 1) = 175.3(9), Mo(1) -C(l)- C(2) = 144.4(14).
N(2)
Figure 3.3. A thermal ellipsoid drawing of 6 (ellipsoids at 50%; hydrogen atoms omitted).
Selected bond lengths (A) and angles (0): Mo(l)-N(1) = 1.7432(15), Mo(l)-C(1) = 1.8926(19),
Mo(1)-N(2) = 2.1026(16), Mo(1)-N(3) = 2.1496(15), Mo(1)-N(4) = 2.0762(15); Mo(1)-N(1)-
C(11) = 175.41(14), Mo(1) -C(1)- C(2) = 143.45(14).
Crystallographic quality crystals of 5 and 6 were grown from saturated pentane solution
and mixture of pentane and toluene, respectively, at -30 'C and thermal ellipsoid plots are shown
in Figures 3.2 and 3.3. The crystal of 5 from which the data set was collected was a non-
merohedral twin, which leads to some bond lengths and angles to be known at less exact degree
than would be desired. Connectivity and some bond lengths and angles, however, may be
discussed in detail. In both cases, the geometry about molybdenum is distorted octahedral. Both
complexes contains a near linear imido (Mo(1)-N(1)-C(1 1) ~ 1750) and the Mo(1)-C(1)- C(2)
angles of ~144' are similar to other molybdenum imido alkylidene complexes. In both
complexes the pyrazolate ligands assume two different coordination modes: one symmetrically
bond ligand and one either unsymmetrically or T1 coordinated. The pyrazolate ligands
containing N(2) and N(3) are coordinated in a rj2 fashion according to the near symmetrical Mo-
N bond lengths. In the structure of Mo(NAr)(CHCMe 2Ph)(3,5-t-Bu2pz)2 the molybdenum
unsymmetrically-bound pyrazolate nitrogen distances differ by 0.3 A, whereas in the structure of
Mo(NAr)(CHCMe 2Ph)(3,5-Ph2pz) 2 they differ by nearly 0.45 A. The reason for this difference
is most likely due to steric interactions, although electronic effects might also play a role. The
reason for this i2 i coordination which gives a formally 16 e- complex, as opposed to a 12 72
configuration that would give a 18 e- complex is not know.
3.2.2. Reactivity with Alcohols, Phenols, and Olefins.
Unlike the previously described indolide complexes Mo(NR)(CHCMe 2Ph)(ind)2 and
Mo(NAr)(CHCMe 2Ph)(ind)2 (1-3) that react readily with olefins, even giving ring-closed
products, the aforementioned pyrazolate complexes 5 and 6 are fully consumed by excess
ethylene (1 atm) or 1 -hexene (10 equivalents) only after prolonged heating (80 *C, 18 h) in C6D6
solution. The products of the reaction are complex and no tractable species could be isolated
from the mixture. Addition of 10 mol% of either dipyrazolate complexes to diallyltosylamine or
allylether does not lead to any observed ring-closed product. A plausible explanation for the lack
of reactivity is that the rapid lI --* 2 process observed by solution 1H NMR spectra of the
complexes provides an intramolecular competitor for olefin binding. The complexes are
therefore electronically satiated, and olefin binding is not favored. Mo(NAr)(CHCMe 2Ph)(2,5-
Me 2Pyr)2 has been found to be unreactive toward olefins,32 whereas the tungsten analogue,
Mo(NAr)(CHCMe 2Ph)(2,5-Me 2Pyr)2, reacts slowly with ethylene to give the isolated
methylidene complex, Mo(NAr)(CH 2)(2,5-Me 2Pyr)2, in good yield.33
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Reaction of 6 or 7 and with two equivalents of either t-butanol, trifluoro-t-butanol,
hexafluoro-t-butanol, nonafluoro-t-butanol, or diisopropylphenol in C6 D6 solution (~40 mM) at
23 'C, cleanly produces Mo(NAr)(CHCMe 2Ph)(OR') 2 and two equivalents of either 3,5-di-t-
butylpyrazole or 3,5-diphenylpyrazole (Equation 3.7), as determined by 1H NMR spectra of the
reaction mixture. Formation of byproducts is not observable at the concentrations studied.
Additionally, no monoalkoxide monopyrazolate intermediates were observed by 'H NMR
monitoring of the reaction mixture. All the in situ prepared bisalkoxide complexes were shown
to be competent catalysts for the ring-closing metathesis of diallyltosylamine or allylether to give
1-tosyl-2,5-dihydro-pyrrole or 2,5-dihydrofuran, respectively, (equation 3.4) in full conversion.
Reactions with one equivalent of an alcohol or phenol were explored in an effort to prepare
monoalkoxide(aryloxide) monopyrazolate, which would be analogous to the very successful
MAP catalysts. Reaction of 5 or 6 with one equivalent of HOCMex(CF 3)y (x = 0, 1, 2, or 3; y =
3-x) in either toluene or pentane/benzene between -30 'C - 23 'C, gave a complex mixture of
products from which no monoalkoxide monopyrazolate complex could be obtained. Similarly,
reaction of 5 or 6 with 2,6-diisopropylphenol or 2-bromo-4,6-ditertbutylphenol gave mixtures of
approximately 50:50 monoalkoxide monopyrazolate:bisalkoxide. Attempts to selectively
crystallize the monophenoxide monopyrazolate product were unsuccessful. Reaction of 5 or 6
with [(R)-2'-((di-tert-butyl(phenyl)silyl)oxy)-1,1'-naphtholI 2 (H(Br2Bitet-TBS)) failed to yield
any of Mo(NAr)(CH 2CMe 2Ph)(3,5-R 2pz)(Br2Bitet-TBS), although full consumption of the
molybdenum starting material was observed after the reaction mixture was heating 60 'C for 18
hours in C6D6 solution.
3.2.3. Synthesis of Silica Supported Species (in collaboration with Coperet group at
CNRS Lyon).
Grafting was carried out by addition of silica partially dehydroxylated at 700 'C (SiO 2-
(700)) with 5 or 6 in benzene at 25 'C (Equation 3.8). The IR spectrum of the resulting material,
obtained by diffuse reflectance infrared Fourier transform spectroscopy (DRIFT), showed the
stretch associated with the surface silanols at 3747 cm-1 had disappeared, while bands associated
with the hydrocarbyl ligands appeared in the 3000-2800 and 1500-1350 cm4 region (Figure 3.4).
Moreover, a large signal appeared at 3608 cm', in agreement with the presence of residual SiOH
interacting with the hydrocarbyl ligands.sa These data are consistent with the grafting of the
molecular species, which was confirmed by elemental analysis, with a 1.58 %wt Mo in the solid
being observed. This corresponds to -0. 17 mmol of grafted Mo and to a consumption of ~ 65%
of the surface SiOH (0.26 mmol g-1). During grafting only 0.3 equivalents of H(3,5-R 2pz) (R =
t-Bu, Ph) was liberated per grafted Mo, indicating that grafting is probably not a simple
exchange of one pyrrazolylate by a siloxy ligand, but most probably involves the formation of
the desired grafted species, 5-SiO2-(700) and 6-SiO 2-(700), and an alkyl species (Equation 3.8) in a
30:70 ratio. Similar reactivity has been observed upon grafting Mo(NR)(CHCMe 2Ph)(Me2Pyr)2
complexes, but for those reactions the alkylidene species was the major surface species.8d
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Figure 3.4. DRIFT spectrum of Mo( NAr)(=CHCMe 2Ph)(3,5-Ph 2pz) 2(OSi=) (6-SiO2 -(700)).
3.2.4. Reactions of Silica Supported Species with Olefins (in collaboration with
Coperet group at CNRS Lyon).
The catalytic activity of these supported species for propene metathesis was investigated
(Table 3.1 and Figures 3.5-38). Contacting 5 -SiO2-(700), with propene in a flow reactor (ca. 400
mL min~'; 4800 mol of propene per mol of Mo~1 min-'), gives ethene and 2-butenes selectively (>
99.9 %) with a very fast initial rate (1.7 s-1), and an overall 25,300 TON. Similar results are
obtained with 6-SiO2..(700) with fast initial rate (1.7 s-) being observed and turnover numbers of
25,400 after 1500 min. Adjusted for the number of active sites (-30%), the initial rates are 5.6-
8.5 s~1 and the overall TON can reached 84,300-127,000, which makes the performances of these
catalysts similar to those previously reported using diphenylamido, pyrrolyl or 2,6-
dimethylpyrrolyl precursors.8
catalyst TOF 6mina TON' TOFssomina
lb-Ph/SiO 2  1.7 25,400 0.3
la-Ph/SiO2 ' 8.5 127,000 1.5
la-Ph/SiO2  1.7 25,300 0.3
la-Ph/SiO2 ' 5.6 84,300 1
Table 3.1. Data for propene metathesis by 5-SiO2-(700) and 6-SiO2-(700). a TOF is the turn over
frequency measured after t min of reaction expressed in mol of substrate converted per mol of
bMo per second. Maximum turn over number obtained in a flow reactor. Corrected for the
actual active sites = 30 %.
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Figure 3.5. Activity in propene metathesis catalysed by [(-SiO)Mo( NAr)(=CHCMe 2Ph)(3,5-t-
Bu2pz)] (5-SiO2-(700)) cumulative TON as a function of time. 17.5 pmol Mo was used, propene
was flowed at 16 mol mol' Mo s-1 at a temperature of 30 'C. A initial TOF(6min) 1.72 s1 and a
cumulative TON(55omin) of 25,300 were obtained. TOF(155o min) 0.03 s-.
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Figure 3.6. Selectivity in propene metathesis catalysed by [(=SiO)Mo( NAr)(=CHCMe2Ph)(
3,5-t-Bu2pz)] (5-SiO2.( 700)) products selectivity as a function of time. Ethylene (0), E-2-butene
(0), Z-2-butene (A). Selectivity in ethene and 2-butenes > 99.9%.
30000-
25000 .* * *
20000-
15000-
z
10000 .
5000
0
0 200 400 600 800 1000 1200 1400
Time (min)
Figure 3.7. Activity in propene metathesis catalysed by [(=SiO)Mo( NAr)(=CHCMe 2Ph)(3,5-
Ph2pz)] (6-SiO2-(700)) cumulative TON as a function of time. 17.4 pmol Mo was used, propene
was flowed at 16 mol mol- Mo s 1 at a temperature of 30 'C. A initial TOF(6min) 1.73 s- and a
cumulative TON(1550min) of 25,400 were obtained. TOF(1550 min) 0.03 s-.
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Figure 3.8. Selectivity in propene metathesis catalysed by [(=SiO)Mo(ENAr)(=CHCMe 2Ph)(3,5-
Ph2pz)] (6-SiO2..(700) products selectivity as a function of time. Ethylene (0), E-2-butene (LI), Z-
2-butene (A). Selectivity in ethene and 2-butenes > 99.9%.
3.3. Molybdenum Imido Alkylidene Dibenzyl Complexes.
3.3.1. Synthesis and Characterization.
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R =Ar, 7
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R = Ar", 9
(3.8)
Addition of one equivalent of Mg(CH 2Ph)2(Et2O) to
Mo(NR)(CHCMe 2Ph)(OTf) 2(DME)'," 6 (R= 2,6-i-Pr-C6H3, Ar; 1-admantyl, Ad; 2-t-Bu-C 6H4,
NAr") in pentane at -30 *C gives the highly crystalline complexes
Mo(NR)(CHCMe 2Ph)(CH 2Ph)2 (R=Ar, 7; R=Ad, 8; R= NAr", 9) in good to moderate yield
(Equation 3.8). Attempts to prepare and analogue in which Ar = 2-CF3-C6H4 was unsuccessful.
'H and 13C NMR spectra of all three compounds, recorded at 23 *C in benzene-d 6 solution, are
consistent with a C, symmetric complex. This indicates either static rj I-coordination for both
benzyl ligands, or rapid rj'-benzyl - T12-benzyl fluxional behavior. The alkylidene protons
resonate at -7.5 ppm which is quite upfield shifted as compared to other four coordinate
molybdenum imido alkylidene complexes (10 - 13 ppm'7). The alkylidene a-protons display a
JCH of ~110 Hz indicating the alkylidene adopts a syn orientation with respect to the imide. This
value is also lower than expected as most syn alkylidene protons display JCH values 120-130
Hz.17
X-ray quality crystals of all three compounds were obtained by cooling saturated pentane
solution to -30 'C overnight, and thermal ellipsoid plot and a table comparing relevant bond
lengths and angles are shown in Figures 3.9 - 3.11 and Table 3.2. All three compounds display a
coordination geometry which is approximately tetrahedral and also have near linear imides.
Other structural metrics relating to the imide and alkylidene are similar to other
crystallographically characterized complexes. 17 As opposed to the 'H NMR spectra, all three
complexes contain one il' and one 2 benzyl ligand. The average Mo-Ca is ~2.2 A whereas the
Mo-Cp is ~2.45 A. These metric parameters are similar to those found in the structure of Mo(N-
t-Bu) 2(CH 2Ph)2 that also contains one r' and one i2 benzyl ligand.34
N(1)
N(1)
Mo(1)
C(23)
Figure 3.9. A thermal ellipsoid drawing of 7 (ellipsoids at 50%; hydrogen atoms omitted).
Selected bond lengths (A) and angles (4): Mo(l)-N(l) = 1.7375(15), Mo(l)-C(l) = 1.8643(17),
Mo(l)-C(23) = 2.1938(17), Mo(1)-C(24) = 2.4505(17), Mo(l)-C(30) = 2.2033(17); Mo(l)-N(l)-
C(11) = 171.14(12), Mo(1)-C(l)-C(2) = 151.55(13), Mo-C(23)-C(24) = 81.62(10), Mo-C(30)-
C(31)= 114.72(11).
N(1)
C(1)
C(21)
Figure 3.10. A thermal ellipsoid drawing of 8 (ellipsoids at 50%; hydrogen atoms omitted).
Selected bond lengths (A) and angles (0): Mo(1)-N(1) = 1.7209(13), Mo(1)-C(l) = 1.8674(15),
Mo(1)-C(21) = 2.2036(16), Mo(1)-C(22) = 2.4594(15), Mo(1)-C(28) = 2.2095(15); Mo(1)-N(1)-
C(11) = 175.30(11), Mo(1)-C(1)-C(2) = 148.44(12), Mo-C(21)-C(22) = 81.58(9), Mo-C(28)-
C(29)= 116.31(10).
C(29)1
C(28)1
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Figure 3.11. A thermal ellipsoid drawing of 9 (ellipsoids at 50%; hydrogen atoms omitted).
Selected bond lengths (A) and angles (0): Mo(1)-N(1) = 1.7424(16), Mo(1)-C(1) = 1.8640(18),
Mo(1)-C(21) = 2.197(2), Mo(1)-C(22) = 2.4772(18), Mo(1)-C(28) = 2.2125(19); Mo(1)-N(1)-
C(11) = 173.58(14), Mo(1)-C(1)-C(2) = 151.10(15), Mo-C(21)-C(22) = 82.57(11), Mo-C(28)-
C(29)= 116.61(12).
Mo-Ca-Cp angle (*) Mo-Ca Bond Length(A)
7a 81.62(10) 2.1938(17) 2.4505(17)
81.00(16) 2.1998(18) 2.4436(17)
8 81.58(9) 2.2036(16) 2.4594(15)
82.57(11) 2.197(2) 2.4772(18)
Table 3.2. Comparison of relevant bond lengths and angle in solid state structures of 7, 8, and 9.
aTwo independent molecules in the asymmetric unit.
3.3.2. Reactivity with Alcohols, Phenols, and Olefins.
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Reaction of 7 - 9 with one equivalent of triphenylsilanol leads to the exclusive formation
of monobenzyl monotriphenylsiloxide complexes (Equation 3.9). The complex cannot be
isolated in the case R = Ar", but for R = Ar (7) or Ad (8) the resulting monobenzyl
monotriphenylsiloxide complex can be isolated in high yield. The alkylidene a-proton resonance
is found in a more typical region for four coordinate molybdenum imido alkylidene complexes,
-11.7 ppm, and both show a JCH of ~120 Hz which is indicative of a syn orientation of the
(3.9)
Mo-Cp Bond Length(A)
alkylidene with respect to the imide. 17 Both complexes react with ethylene however the exact
nature of the products have not yet been determined. Isolated complexes 10 and 11 and in situ
prepared Mo(NAr")(CHCMe 2Ph)(CH2Ph)(OSiPh 3) were active catalyst for the ring-closing
metathesis of diallyltosylamine and allyl ether (Equation 3.4), giving >80% conversion after 6h
in C6D6 solution Complexes 7 and 8 react with (-)-menthol or (-)-borneol in C6D6 solution (~ 40
mM) to give the respective monobenzyl monoalkoxide complexes in approximately 1:1 to
mixture of diastereomers (compounds 12 - 15). With R = Ar the solution must be heated to 60
'C for one hour to affect complete conversion. Attempts to isolate the complexes were
unsuccessful. Reaction of 7-9 with the sterically bulky HO-2,6-(2,4,6-i-Pr 3-C6H3)2-C6H3
(HIPTOH) at 80 'C in C6D6  solution led only to decomposition.
Mo(NAd)(CHCMe 2Ph)(CH 2Ph)2 (8) reacts with [(R)-2'-((di-tert-butyl(phenyl)silyl)oxy)-1,1'-
naphthol12 (H(Br2Bitet-TBS)) at room temperature over the course of 18 hours to give the
monobenzyl monophenoxide complex (16) as a 2.3:1 mixture of diastereomers (Equation 3.10).
The complex has not able to be isolated on a preparative scale and therefore was utilized in situ.
Br N
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MoCMe2Ph (3.10)
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An enantioselective metathesis reaction was performed with this chiral catalyst having
been prepared. The substrate N-allyl-N-(2,6-dimethylhepta-1,6-dien-4-yl)aniline was chosen
because it has been effectively ring closed by many traditional and MAP-type catalysts with high
ee' S.12 Mo(NAd)(CHCMe 2Ph)(CH2Ph)(Br2Bitet-TBS) (16) gave 33 % conversion after 18
hours at 60 'C. Even more discouraging was the meager enantiomeric excess of 40 %. The low
% ee is not easily explained, but the low conversion might be due to deactivation of the catalyst
through insertion of the olefin into the Mo-benzyl bond.
N HOR Ph N
Ph C6D6 , 23 0C \ || CMe 2Ph
,Mo ,CMe2Ph M
Ph Ph O'R
Si(t-Bu)2 Ph
HOR = HOC 6F5, HOCH(CF 3)2, OH
(3.11)
In general, complex 8 is much more reactive toward alcohols and phenols than 7 and 9.
Due to lack of a sterically bulky imido, complexes of the type
Mo(NAd)(CH 2CMe 2Ph)(CH2Ph)2(OR') are found to persist in solution, even upon prolong
heating at 80 'C (Equation 3.11). Species of this type were also found in alcoholysis reaction of
Mo(NAr)(CHCMe 3)(CH 2CMe3)2 but heating the reaction mixture to 60 'C cleanly produced the
desired monoalkyl monoalkoxide complexes.6  No trialkyl intermediates are in observed
alcoholysis reactions involving aryl substituted imide compounds 7 and 9, which indicates that
either proton transfer occurs via a different mechanism, or the intermediates are sufficiently
unstable to be observed. Reaction of Mo(NAd)(CHCMe 2Ph)(CH2Ph)2 (8) with (R)-2'-((di-tert-
butyl(phenyl)silyl)oxy)- 1,1 '-binaphthol (Equation 3.11) produces the complex
Mo(NAd)(CHCMe 2Ph)(CH2Ph)[(R)-2'-((di-tert-butyl(phenyl)silyl)oxy)- 1,1 '-binaphthalyl-2-
oxide] in which all six benzyl and neophyl methylene protons are inequivalent and allows them
to be observed as three sets of AB patterns (Figure 3.12).
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Figure 3.12. 'H NMR spectrum of the reaction of 8 with (R)- 2'-(di-tert-butyl(phenyl)silyloxy)-
1,1 '-binaphthyl-2-ol showing the three sets of inequivalent methylene protons.
3.4. Molybdenum Imido Alkylidene 2,4-dimethyl-5-pyridyl-pyrrolide Complexes.
3.4.1 Synthesis and Characterization.
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Condensing 2-(aminoethyl)pyridine with 2,5-pentanedione at 170 0C in xylenes yields
2,4-dimethyl-5-pyridyl-pyrrole (HMe2PyPyr) (Equation 3.12). The reaction is believed to
proceed through an intermediate (2-pyridyl)methylimine species. HMe2PyPyr can be
deprotonated with NaH in THF, yielding Na(Me2PyPyr) quantitatively. Reaction of two
equivalents of Na(Me2PyPyr) with Mo(NAr)(CHCMe 2Ph)(OTf)2(DME)1 5 in Et2O at -30 0C
results in the formation of Mo(NAr)(CHCMe 2Ph)(k 2-Me 2PyPyr)2 (20) in 54% yield after
crystallization from Et2O at -30 0C (Equation 3.13). 'H NMR spectra of C6D6 solutions of 20 at
23 'C are consistent with a pseudo-octahedral structure, devoid of symmetry, as portrayed in
Equation 3.13. The alkylidene proton resonates at 13.49 ppm and displays a coupling of 123 Hz
to the alkylidene carbon, indicative of a syn orientation of the alkylidene with respect to the
Ni 2
N (3.12)
imide. Rotation about the Nimide-Cipso is locked, as evidenced by inequivalent broadened methine
resonances.
N(1)
C(1)
Figure 3.13. A thermal ellipsoid drawing of 20. Selected bond lengths (A) and angles (0):
Mo(l)-N(1) = 1.7517(19), Mo(l)-C(l) = 1.967(3), Mo(1)-N(2) = 2.1456(18), Mo(1)-N(3) =
2.3146(19), Mo(l)-N(4) = 2.1241(19), Mo(l)-N(5) = 2.3016(18); Mo(l)-N(l)-C(l) =
174.89(16), Mo(l)-C(l)-C(2) = 147.11(2), C(2)-C(1)-Mo(l)-N(l) = 157.21(34).
X-ray quality crystals of Mo(NAr)(CHCMe 2Ph)(K2-Me 2PyPyr)2 (20) were grown by
diffusion of pentane into a saturated ethereal solution at -30 'C, and a thermal ellipsoid plot and
selected bond lengths and angles are shown in Figure 3.13. Consistent with the solution 1H
NMR spectra of the complex, the geometry about molybdenum is pseudo-octahedral and the
complex displays no local symmetry. The imide is nearly linear with Mo(l)-N(l)-C(1 1) =
174.89(16)0. The Mo(l)-C(l)-C(2) angle of 147.11(2)0 is similar to other molybdenum
alkylidenes. 7 In opposition to what was observed by 'H NMR spectroscopy, the alkylidene
adopts an anti orientation with respect to the imide with the C(2)-C(l)-Mo(l)-N(l) torsion angle
being 157.21(34)0. This angle is smaller than what is usually observed for anti alkylidenes (170
- 178 ).36 The pyridylpyrrolide ligands are situated such that anionic pyrrolide fragments are
trans to one another and the donor pyridyls are cis to one another and trans to the a-bound
ligands (imide and alkylidene). This is similar to the structure of
Mo(NAr)(CHCMe 3)(OTf)2(DME), wherein the anionic triflate ligands are trans and DME
oxygen atom are trans to the imide and alkylidene ligands.15
3.4.2. Reactivity with Alcohols, Phenols, and Olefins.
Mo(NAr)(CHCMe 2Ph)(c2 -Me 2PyPyr)2 (20) does not react with ethylene (1 atm) of
excess 1-hexene (10 equivalents) in C6D6, CD 2Cl 2, or THF-d8 solution at 80 'C after 7 days. As
expected by the observed lack of reactivity with ethylene and 1-hexene, complex 20 does not
ring-close either diallyltosylamine or allyl ether in C6D6 , CD 2Cl 2 , or THF-d8 solution at 80 'C
after 7 days.
Reactions that would produce species of the type Mo(NAr)(CHCMe 2Ph)(Me 2PyPyr)(OR)
were then explored. Reaction of 20 with excess of either t-butanol, trifluoro-t-butanol,
hexafluoro-t-butanol, nonafluoro-t-butanol, or diisopropylphenol in C6D6 solution (~40 mM) at
80 'C leads to no consumption of starting material. It appears that the lack of K2 -> i
fluxionality, as observed by 1H NMR spectroscopy, prevents alcohol or phenol coordination and
subsequent proton transfer to the pyrrolide. An alternative method, salt metathesis, was then
chosen to prepare a Mo(NAr)(CHCMe 2Ph)(Me2PyPyr)(OR) species. This synthetic route has
been shown to yield MAP species in cases where protonolysis with an alcohols or phenols is
either slow or incomplete.18
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Reaction of Mo(NAr)(CHCMe 2Ph)[OCMe(CF 3)2] 2 with one equivalent of Na(Me2PyPyr)
in diethyl ether at -30 'C cleanly produces of Mo(NAr)(CHCMe 2Ph)(K2-
Me2PyPyr)[OCMe(CF 3)2] (21) in 81% yield (Equation 3.14). 1H NMR spectra of the complex
(C6D6 , ~40 mM, 23 0C) are consistent with the trigonal bipyramidal structure shown in Equation
3.14. The alkylidene proton is found at 13.39 ppm and displays a JCH of 148 Hz, which indicates
an anti orientation of the alkylidene with respect to the imide. Rotation about the Nimide-Cispo is
locked, as indicated by inequivalent isopropyl methine and methyl resonances. Most unusual,
there is a doublet which integrates to one proton located at 9.14 ppm. Through the utilization of
gCOSY spectra (Figure 3.14), this peak was assigned as the ortho-proton of the pyridyl ring.
The reason for this shifting is unknown, but other molybdenum alkylidene pyridine complexes
display ortho-protons resonating in the range 8-9 ppm.3 7
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Figure 3.14. gCOSY Spectrum of Mo(NAr)(CHCMe 2Ph)(1-2-Me2PyPyr)[OCMe(CF 3)2] (21).
Mo(NAr)(CHCMe2 Ph)(c2-Me 2PyPyr)[OCMe(CF 3)212 (21) does not react with ethylene (1
atm) or excess 1-hexene (10 equivalents) in C6D6 , CD 2Cl2, or THF-d solution at 80 'C after 7
days. As expected by the observed lack of reactivity with ethylene and 1-hexene, complex 21
does not ring-close either diallyltosylamine or allyl ether in C6D6, CD 2Cl 2 , or THF-d8 solution at
80 *C after 7 days.
3.5. Molybdenum Imido Alkylidene Biscyclopentadienide.
3.5.1. Synthesis and Characterization.
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Addition of two equivalents of Li(cp) to Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) at -30 0C
cleanly produces Mo(NAr)(CHCMe 2Ph)(rj5-cp)(il'-cp) (22) in 59 % yield. The 'H NMR spectra
(C6D6, -40 mM, 23 C) indicates the complex adopts a piano stool configuration (Equation
3.15), similar to the structure of Mo(NAr)(CH-t-Bu)(2,5-Ph 2pyr)2.' 8 The spectra also suggest
that there is rapid rotation of the ij5-Cp and possible 1,2-shifts of the T'-Cp 38 that gives rise to a
(3.15)
poorly resolved series of resonances at 23 'C. Rotation about the Nimide-Cipso is locked, as
evidenced by inequivalent broadened methine resonances.
3.5.2. Reactivity with Alcohols, Phenols, and Olefins.
Reaction of Mo(NAr)(CHCMe 2Ph)(j 5-cp)(ii'-cp) (22) with excess t-butanol, trifluoro-t-
butanol, hexafluoro-t-butanol, nonafluoro-t-butanol, or diisopropylphenol in C6 D6 solution (-40
mM) at 80 'C leads to no consumption of the starting material. Complex 22 does not react with
ethylene (1 atm) or 1-hexene after heating to 80 'C for six days in C6 D6 solution (-55 mM). The
lack of any 1k, rj1 conversion, as observed by the 'H NMR spectroscopy, accounts for the lack of
reactivity. This result should be compared to observed reactivity of
Mo(NR)(CHCMe 2Ph)(Me2Pyr)2 complexes," which adopts a similar piano stool structure as 22,
but due to the anisotropy of pyrrolide ligands, the T11jII' isomer is available to react with alcohol
or phenol. Interestingly, Mo(NR)(CHCMe 2Ph)(Me2Pyr)2 complexes do not react with olefins but
the tungsten analogs, W(NR)(CHCMe 2Ph)(Me 2Pyr)2,33 react with ethylene to give isolable
methylidene complexes.
3.6. Attempts to prepare Molybdenum Imido Alkylidene Carbazolate Complexes.
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With the results obtained with Mo(NR)(CHCMe 2Ph)(ind)2 complexes (1 and 2), it was of
interest to examine the analogous carbazolate complexes. Unfortunately, addition of
M(carbazolate) (M = Li, Na, K) to Mo(NAr)(CHCMe 2Ph)(OTf)2(DME)15 in either Et2O, THF, or
toluene led to the formation of Mo(NAr)(CH 2CMe2Ph)(carbazolate)2, as determined by 'H NMR
spectroscopy, but the product could be obtained approximately 90 % purity. A variety of
crystallization conditions were explored but none gave pure material.
DISCUSSION
The object of this investigation was to explore other molybdenum imido alkylidene
complexes which could react with alcohols or phenols to yield either mono- or dialkoxide
complexes. It was hoped that through this investigation new species would be prepared that
could either complement or supersede the dialkyl and dipyrrolide complexes already in use.
6
'
7
'
9
'
11
Although none of the complexes reported in the chapter accomplished that task, some interesting
structural and reactivity aspects were observed.
The bisindolide complexes, Mo(NR)(CHCMe 2Ph)(ind)2, show a unique 11,i11 binding
mode of the indolide ligands, which was unexpected. The reason for this complex to adopt an
formal 14 e count verses an 18 e count, via 5a coordination of an indolide ring like the related
complexes Mo(NR)(CHCMe 2Ph)(Me 2Pyr)2,1 most likely arises decreased aromaticity of
indolide with respect to 2,5-dimethylpyrrole. This decreased aromaticity allows the indolide
nitrogen to more effectively donate t-e- density to the metal, mitigating the need to for 15
coordination. The 2-donation, however, is not great enough to prevent 1 and 2 from being
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effective metathesis catalyst or binding THF, unlike the related diphenyl amido complex,
Mo(NAr)(CHCMe 2Ph)(NPh2)2, that reacts with neither olefins nor ethers. 7 Another plausible
explanation could be that it is sterically disfavored due to the presence of the fused benzo ring of
the indolide ligand. This seems unlikely if one considers that the complexes
Mo(NAr)(CHCMe 3)(2,5-Ph 2Pyr)2 and Mo(NAr)(CHCMe 2Ph)[2,5-(i-Pr) 2Pyr]2 that contain
sterically encumbered pyrrolide both contain an il bound ligand in the solid state, as determined
by single crystal x-ray crystallography.' 8 The results obtained with these indolide complexes
should be contrasted with the observed reactivity of Mo(NAr)(CHCMe 2Ph)(i 5-cp)(l'-cp) (22).
Complex 22 is fluxional on the 'H NMR timescale but it is not il -+ T1 interconversion like what
is observed for Mo(NR)(CHCMe 2Ph)(Me2Pyr)2 complexes," but instead rapid 1,2-shifts of the
19'-cp ligand. It is this lack of a significant concentration of Mo(NAr)(CHCMe 2Ph)(i'-cp)2 that
leads to 22 not reacting with olefins or alcohols.
The pyrazolate and benzyl complexes studied also display dynamic behavior in solution
at room temperature, namely i12 > i _, q 2 behavior. This leads to a small concentration of 1',
ill complexes which then react with olefin and alcohols due to the presence of a vacant
coordination site. In solution the pyrazolate complexes presented in this chapter react rapidly
with alcohols to give mixtures of mono- and dialkoxide complexes. If the steric properties of the
alcohol are attenuated, no reaction is observed, indicating a steric requirement for this reaction.
On the other hand, if the alcohol is small but site isolated, as in partially dehydroxylated silica,
monopyrazolate monosiloxide species can be formed, and these species are active olefin
metathesis catalysts. In the case of the benzyl complexes, no dialkoxide species have been
observed to form in reactions between the molybdenum imido alkylidene dibenzyl complexes
and excess alcohol. This implies that if further reaction does take place between the formed
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monobenzyl monoalkoxide complexes, Mo(NR)(CHCMe 2Ph)(CH2Ph)(OR'), and an alcohol it
happens in a degenerative fashion.
CONCLUSIONS
The complexes Mo(NR)(CHCMe 2Ph)X2, where X = indolide, 3,5-
disubstitutedpyrazolate, benzyl, 2,4-dimethyl-5-pyridyl-pyrrolide, and cyclopentadienide have
been prepared and their reactions with olefins, alcohols, and phenols documented. The indolide
and pyrazolate complexes were found to react with alcohols and phenols to give active olefin
metathesis catalysts. Interestingly, the bisindolide complexes were found to be active for olefin
metathesis as well. The benzyl complexes will react with only one equivalent of an alcohol,
phenol, or silanol to give Mo(NR)(CHCMe 2Ph)(CH2Ph)(OR') complexes, much like the
previously reported bisneopentyl and bisneophyl complexes. 6 The other compounds described in
this chapter did not react with alcohols or phenols, presumably, due to a lack of fluxionality.
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EXPERIMENTAL
General. All manipulations were performed in oven-dried (150 *C) glassware under an
atmosphere of nitrogen on a Schlenk line or in a Vacuum Atmospheres HE-492 drybox.
Materials. HPLC grade organic solvents were sparged with nitrogen, passed through activated
alumina, and stored over 4 A Linde-type molecular sieves prior to use. Benzene-d was dried
over sodium/benzophenone ketyl and distilled in vacuo prior to use. Mg(CH 2Ph)2(Et2O) was
prepared via addition of excess 1,4-dioxane to a freshly prepared solution of (CH 2Ph)MgCl
followed by removed of the insoluble magnesium salts via filtration and finally purification by
crystallization from diethyl ether at -30 'C. (S)-3,3'-dibromo-2'-(tert-butyldimethylsilyloxy)-
5,5',6,6',7,7',8,8'-octahydro- 1,1 '-binaphthyl-2-o1 39, (R)-2'-((di-tert-butyl(phenyl)silyl)oxy)- 1,1'-
binaphthalyl-2-o1 40 and N-allyl-N-(2,6-dimethylhepta-1,6-dien-4-yl)aniline41 were prepared via
the published procedure. All other materials were prepared according to published procedures
cited in the text or obtained from commercial sources and purified according to standard
procedures.
Measurements. NMR spectra were recorded at 298 K on Varian Mercury and Varian INOVA
spectrometers operating at 300 and 500 MHz ('H), respectively. Chemical shifts for 'H and 13C
spectra were referenced to the residual 'H/13C resonances of the deuterated solvent and are
104
reported as parts per million relative to tetramethylsilane. Elemental analyses were performed by
Midwest Microlabs, Indianapolis, IN.
Crystallography. Low temperature diffraction data were collected on a Siemens Platform three-
circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-
monochromated MoKa radiation (X = 0.71073 A), performing (p- and 0)-scans. All structures
were solved by direct methods using SHELXS 42 and refined against F2 on all data by full-matrix
least squares with SHELXL-97. 43 All non-hydrogen atoms were refined anisotropically. Unless
described otherwise, all hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups).
Mo(NAr)(CHCMe 2Ph)(ind)2 (1). Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) (1.00 g, 1.28 mmol)
was weighed and dissolved in 10 mL of -30 'C Et 20. Li(ind) (0.319 g, 2.65 mmol, 2.05 eq) was
added portionwise to the rapidly stirring solution over the course of 5 minutes. The solution was
then allowed to warm to room temperature and was stirred for 90 minutes during which time the
color of the solution became deep red-orange. All volatile components were removed in vacuo
and resulting yellow powder was extracted with 20 mL of toluene which was filtered through a
medium porosity sintered glass frit. The toluene was removed in vacuo then the resulting solid
was left to crystallize from saturated Et 20 solution at -30 'C. Mo(NAr)(CHCMe 2Ph)(ind)2
(0.620 g, 0.98 mmol, 76%) was isolated as an orange microcrystalline solid. X-Ray quality
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crystals were grown from toluene at -30 'C. 1H NMR (C6D6): 6 11.87 (s, 1H, JCH = 116 Hz,
Mo=CH), 7.76 (d, 2H, JCH = 8.2 H, ind), 7.65 (d, 2H, JCH= 7.7 Hz, ind), 7.65 (d, 2H, JCH= 7.7
Hz, ind), 7.41 (m, 2H, JCH = 3.2 Hz, ind), 7.33 (d, 2H, JICH =8.2 Hz, YCH 0.9 Hz , ind), 7.19
(d, 2H, NAr), 7.10 (t, 1H, NAr), 6.59 (dd, 2H, J1 CH= 3.2, CH =0.9 Hz Hz, ind), 3.42 (septet,
2H, CHMe2 ), 1.65 (s, 6H, CMe2Ph), 0.86 (d, 12H, CHMe2). 13C{'H} NMR (C6D6): 6 286.8
(Mo=C), 154.1, 147.9, 147.3, 145.0, 139.6, 131.1, 129.5, 129.2, 127.4, 126.6, 123.9, 123.2,
122.2, 121.0, 115.6, 107.8, 56.6, 30.9, 29.0, 24.0. Anal. calcd. For C3 8H4 1N3Mo: C, 71.80; H,
6.50; N, 6.61%. Found: C, 71.63; H, 6.43; N, 6.54%.
Mo(NAd)(CHCMe 2Ph)(ind) 2 (2). Mo(NAr)(CHCMe 2Ph)(OTf) 2(DME) (0.500 g, 0.66 mmol)
was weighed and dissolved in 5 mL of -30 'C toluene. Li(ind) (0.165 g, 1.34 mmol, 2.05 eq)
was added portionwise to the rapidly stirring solution over the course of 5 minutes. The solution
was then allowed to warm to room temperature and was stirred for 90 minutes during which time
the color of the solution became dark yellow. The resulting toluene solution which was filtered
through a medium porosity sintered glass frit and then all volatile components were removed in
vacuo. The resulting oil was then triturated in 20 mL of pentane to give 260 mg (0.43 mmol,
64%) of Mo(NAd)(CHCMe 2Ph)(ind)2 as a yellow powder which was isolated by filtration. 1H
NMR (C6D6): 6 11.47 (s, 1H, JCH = 113 Hz, Mo=CH), 7.92 (d, 2H, ind), 7.69 (d, 2H, ind), 7.52
(d, 2H, ind), 7.36 (d, 2H, ind), 7.28 (t, 2H, CHMePh), 7.21 (t, 2H, ind), 7.12 (t, 2H, CHMePh),
7.23(t, 1H, CHMePh), 6.64 (d, 2H, ind), 1.92 (br, 6H, NAd), 1.71 (br, 3H, NAd), 1.65 (s, 6H,
CMe2Ph), 1.27 (m, 6H, NAd). 13C{1H} NMR (C6D6): 6 280.2 (Mo=C), 148.7, 145.7, 140.4,
131.2, 129.8, 129.3, 127.3, 123.1, 122.2, 121.1, 115.6, 107.6, 79.1, 53.9, 46.0, 36.1, 32.0, 20.4.
Anal. calcd. ForC36H39N3Mo: C, 70.92; H, 6.45; N, 6.89%. Found: C, 71.08; H, 6.95; N, 6.95%.
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Mo(NAr)(CHCMe 2Ph)(ind)2(THF) (3). Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) (1.00 g, 1.28
mmol) was weighed and dissolved in 10 mL of -30 'C Et 20. Li(Ind) (0.319 g, 2.65 mmol, 2.05
eq) was added as a solid to the rapidly stirring solution over the course of 5 minutes. The
solution was then allowed to warm to room temperature and was stirred for 90 minutes during
which time the color of the solution became deep red-orange. All volatile components were
removed in vacuo and resulting yellow powder was extracted with 20 mL of toluene which was
filtered through a medium porosity sintered glass frit. The toluene was removed in vacuo then
the resulting solid was dissolved in 5 mL of THF and left -30 'C for 18 hours. All volatiles were
removed in vacuo and the resulting dark yellow solid was triturated in 10 mL of pentane and
isolated by filtration. 69 % yield (0.623 g, 0.88 mmol). 'H NMR (C6D6): 6 12.67 (s, 1H, JCH =
120 Hz, Mo=CH), 7.72 (m, 4H, ind), 7.41 (d, 2H, JCH = 7.7 Hz, ind), 7.38 (d, 2H, JCH = 7.7 Hz,
ind), 7.14 (m, 6H), 6.82 (m, 2H), 6.70 (d, 2H, ind), 3.42 (septet, 2H, CHMe2), 3.08 (t, 4H, a-
THF), 1.76 (s, 6H, CMe2Ph), 0.90 (q, 4H, p-THF), 0.81 (d, 12H, CHMe2). 13 C{'H} NMR
(C6D6): 6 293.6 (Mo=C), 152.7, 150.7, 148.4, 144.7, 139.7, 131.1, 129.5, 129.4, 127.4, 126.6,
124.8, 121.8, 121.0, 120.2, 114.4, 104.9, 71.2, 56.9, 31.2, 28.1, 25.2, 24.6. Anal. caled. For
C4 2H4 9N30Mo: C, 71.37; H, 6.85; N, 5.95%. Found: C, 71.32; H, 6.78; N, 5.97%.
Mo(NAr)(CHCMe 2Ph)(ind)(Br 2Bitet-TBS) (4). Mo(NAr)(CHCMe 2Ph)(ind)2 (0.200 g, 0.31
mmol) was weighed and dissolved in a mixture of 5 mL pentane and 1.5 mL of benzene and
cooled to -30 'C. H(Br 2Bitet-TBS) (0.178 g, 0.31 mmol) was added as a solid to the rapidly
stirring solution in one portion. The solution was then allowed to warm to room temperature and
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was stirred for 30 minutes during which time the color of the solution became deep red-orange.
All volatile components were removed in vacuo and resulting yellow powder was extracted with
5 mL of pentane and the resulting solution was filtered through a medium porosity sintered glass
frit. The solution was then concentrated and then stored at -30 'C for 18 hours to give 5 as a
yellow-orange microcrystalline solid. According to IH NMR spectra the compound exist as a
33:1 mixture of the two possible diastereomers. 53 % yield (0.182 g, 0.17 mmol). 'H NMR
(C6D6): 8 12.58 (s, 1H, JCH = 122 Hz, Mo=CH), 7.82 (m, 1H, ind), 7.63 (d, 1H, ind), 7.40 (d, 2H,
Ar), 7.27(m, 3H), 7.13 (m, 4H), 6.98 (m, 3H), 6.83 (d, 1H, ind), 6.53 (d, 1H, ind), 3.56 (septet,
2H, CHMe2), 2.44 (m, 6H, Br2Bitet-TBS), 2.18 (m, 1H, Br 2Bitet-TBS), 1.94 (s, 3H, CMe2Ph),
1.85 (m, 1H, Br 2Bitet-TBS), 1.64 (s, 3H, CMe2Ph), 1.52 (m, 4H, Br 2Bitet-TBS), 1.31 (m, 4H,
Br2Bitet-TBS), 1.21 (d, 6H, CHMe2 ), 0.99 (s, 9H, OSiMe2 (t-Bu)), 0.92 (d, 6H, CHMe2 ), 0.32 (s,
3H, OSiMe2 (t-Bu)), -0.14 (s, 3H, OSiMe2 (t-Bu)). 13C{'H} NMR (C6D6): 6 297.2 (Mo=C),
156.6, 153.7, 148.1, 147.8, 147.8, 145.4, 143.7, 137.2, 137.0, 136.6, 134.4, 133.6, 133.2, 132.3,
130.9, 130.7, 127.2, 126.6, 124.3, 123.8, 122.5, 121.4, 120.4, 115.2, 113.1, 112.6, 111.6, 106.7,
103.0, 56.2, 31.5, 31.0, 29.9, 29.6, 29.0, 27.9, 27.7, 26.7, 24.4, 23.5, 23.3, 22.9, 22.7, 19.2, 14.6,
-1.5, -3.0. Anal. calcd. For MoC56H68N20 2SiBr 2: C, 61.99; H, 6.32; N, 2.58, Found: C, 62.12; H,
6.40; N, 2.52.
Mo(NAr)(CHCMe 2Ph)(3,5-tBu 2pz) 2 (5). Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) (1.00 g, 1.28
mmol) was weighed and dissolved in 10 mL of -30 'C Et2O. Li(t-Bu2pz) (0.482 g, 2.65 mmol,
2.05 eq) was added as a solid to the rapidly stirring solution over the course of 5 minutes. The
solution was then allowed to warm to room temperature and was stirred for 90 minutes during
which time the color of the solution became dark yellow. All volatile components were removed
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in vacuo and resulting powder was extracted with 20 mL of pentane which was filtered through a
medium porosity sintered glass frit. The solution was then concentrated in vacuo and the left for
18 hours at -30 'C. Mo(NAr)(CHCMe 2Ph)(t-Bu2pz) 2 (0.717 g, 0.94 mmol, 73%) was isolated as
yellow crystalline solid. X-Ray quality crystals were grown from dilute pentane solution at -30
0C. 'H NMR (C6D6): 6 13.35 (s, 1H, JCH = 124 Hz, Mo=CH), 7.76 (d, 2H, JCH = 8.2 H, ind), 7.31
(d, 2H, NAr), 7.09 (t, 2H, CMe2Ph), 7.02 (m, 4H, NAr + CMe2Ph), 6.19 (s, 2H, t-Bu2pz), 4.08
(septet, 2H, ClMe2), 1.81 (s, 6H, CMe2Ph), 1.31 (s, 36H, t-Bu), 1.12 (d, 12H, CHe 2 ). 13C{'H}
NMR (C6D6): 6 303.5 (Mo=C), 159.3, 152.8, 150.8, 148.3, 128.7, 126.8, 123.8, 104.1, 55.8,
32.5, 31.3, 28.7, 24.8. Anal. calcd. For MoC 44H67N5 : C, 69.36; H, 8.86; N, 9.19, Found: C,
69.27; H, 8.88; N, 9.14.
Mo(NAr)(CHCMe 2Ph)(3,5-Ph 2pz) 2 (6). Mo(NAr)(CHCMe 2Ph)(OTf) 2(DME) (1.00 g, 1.28
mmol) was weighed and dissolved in 10 mL of -30 0C Et2O. Li(Ph 2pz) (0.586 g, 2.65 mmol,
2.05 eq) was added as a solid to the rapidly stirring solution over the course of 5 minutes. The
solution was then allowed to warm to room temperature and was stirred for 90 minutes during
which time the solution became translucent yellow and then a pale yellow precipitate formed.
All volatile components were removed in vacuo and resulting yellow powder was extracted with
20 mL of toluene which was filtered through medium porosity sintered glass frit. The toluene
was removed in vacuo then the resulting solid was triturated in 20 mL of pentane.
Mo(NAr)(CHCMe 2Ph)(Ph 2pz) 2 (0.975 g, 1.15 mmol, 90%) was isolated by filtration as a pale
yellow microcrystalline solid. X-Ray quality crystals were grown from a mixture of pentane and
toluene at -30 0C. ' H NMR (C6D6): 6 13.10 (s, 1H, JCH = 124 Hz, Mo=CH), 7.71 (d, 8H, Ph 2pz
ortho), 7.28 (d, 2H), 7.14 (app. t, 8H, Ph 2pz meta), 7.06 (t, 4H, para), 7.03 (s, 2H, Ph 2pz), 6.93
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(m, 6H, NAr + CMe2Ph), 3.74 (septet, 2H, CHMe2), 1.47 (s, 6H, CMe2Ph), 0.98 (d, 12H,
CHMe2). "3C{'H} NMR (C6D6): 8 305.4(Mo=C), 153.1, 152.3, 149.2, 148.0, 133.8, 129.2,
129.0, 128.6, 128.4, 127.5, 126.7, 126.6, 123.6, 107.6, 55.7, 30.9, 28.8, 24.0. Anal. caled. For
MoC52 H51N5Mo: C, 74.18; H, 6.11; N, 8.32, Found: C, 74.20; H, 6.18; N, 8.31.
Mo(NAr)(CHCMe 2Ph)(CH 2Ph)2  (7). To a -30 0C suspension of
Mo(NAr)(CH2CMe2Ph)(OTf)2(DME) (500 mg, 0.63 mmol) in 10 mL of pentane is added
Mg(CH2Ph)2(Et2O) (177, 0.63 mmol). The heterogeneous mixture becomes homogenous and
dark orange in color. After stirring two hours at 23 0C the solution is filtered through
diatomaceous earth and then all volatiles are removed in vacuo. The resulting red-orange
powder in then dissolved in a minimum on pentane and cooled to -30 0C to give 276 mg (0.47
mmol, 75 % yield) of red crystals. 'H NMR (C6D6) 6 7.94 (s, CHCMe 2Ph, JCH = 110 Hz), 7.28
(d, 2H), 7.14 (m, 3H), 6.97 (m, 9H), 6.66 (m, 4H), 4.20 (septet, Ar CHMe2, JHH = 7 Hz), 3.01 (d,
2H, CH 2Ph, JHH = 9 Hz), 1.46 (d, 2H, CH 2Ph, JHH = 9 Hz), 1.36 (s, 6H, CHCMe2Ph), 1.25 (d, Ar
CHMe2, JHH = 7 Hz); "C{IH}NMR (C6D6) 6 267.5, 153.8, 149.9, 146.0, 141.6, 130.5, 129.5,
128.8, 127.2, 126.5, 126.3, 125.7, 123.5, 54.2, 41.6, 31.0, 28.7, 24.3. Anal. caled for
MoC 3 6H4 3N: C, 73.83; H, 7.40; N, 2.39, Found: C, 73.75; H, 7.29; N, 2.29.
Mo(NAd)(CHCMe 2Ph)(CH2Ph)2 (8). This complex was made in an analogous fashion to 1
employing 500 mg (0.65 mmol) of Mo(NAd)(CH 2CMe2Ph)(OTf)2(DME) and yielded 308 mg
(0.54 mmol, 84 % yield) of orange-yellow crystals. 'H NMR (C6D6) 6 7.63 (s, CHCMe 2Ph, JCH
= 108 Hz), 7.48 (d, 2H), 7.14 (t, 2H), 7.11 (t, 1H), 7.00 (m, 6H), 6.65 (d, 4H), 2.27 (d, 2H,
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CH2Ph, JHH = 9 Hz), 1.86 (m,I 11H, CH 2Ph + Ad), 1.59 (s, 6H, CHCMe2Ph), 1.45 (m, 6H, Ad);
"C{'H}NMR (C6D6) 6 259.7, 151.0, 141.8, 130.5, 128.9, 128.5, 127.0, 126.2, 124.7, 72.5, 51.0,
45.5, 36.5, 36.2, 32.0, 30.3; Anal. calcd for MoC 34H41N: C, 72.97; H, 7.38; N, 2.50, Found: C,
73.20; H, 7.28; N, 2.58.
Mo(NAr")(CHCMe 2Ph)(CH 2Ph)2 (9). This complex was made in an analogous fashion to 1
employing 500 mg (0.65 mmol) of Mo(NAr")(CH 2CMe2Ph)(OTf)2(DME) and yielded 210 mg
(0.38 mmol, 58 % yield) of dark red crystals. 'H NMR (C6D6) 6 7.52 (s, CHCMe 2Ph, JCH = 106
Hz), 7.40 (d, 2H), 7.19 (m, 2H), 7.07 (d, 2H), 6.94 (m, 8H), 6.68 (m, 4H), 2.64 (d, 2H, CH2 Ph,
JHH = 9 Hz), 1.89 (d, 2H, CH 2Ph, JHH = 9 Hz), 1.59 (s, 9H, Ar" t-Bu Me), 1.52 (s, 6H,
CHCMe2Ph); 13C{H}NMR (C6D6) 6 262.9, 156.2, 150.0, 142.8, 140.3, 133.9, 130.6, 129.73,
128.8, 126.9, 126.6, 126.4, 126.3, 126.0, 125.5, 54.6, 42.0, 36.2, 31.3, 30.3; Anal. calcd for
MoC 34H3 9N: C, 73.23; H, 7.05; N, 2.51, Found: C, 73.25; H, 6.97; N 2.53.
Mo(NAr)(CHCMe 2Ph)(CH2Ph)(OSiPh 3) (10). To a solution of 1 (100 mg, 0.171 mmol) in 3
mL of -30 'C Et2O was added a -30 'C solution of HOSiPh 3 (47 mg, 0.171 mmol) in 2 mL of
Et2O. The solution immediately became light yellow and was allowed to come to room
temperature. After one hour all volatile components were removed in vacuo and the remaining
yellow oil was dissolved in a minimum volume of O(SiMe3)2 and cooled to -30 'C. After three
days 126 mg (0.163 mmol, 96 % yield) of a yellow, microcrystalline solid was obtained. 1H
NMR (C6D6) 6 11.75 (s, CHCMe2Ph, JCH = 118 Hz), 7.58 (m, 6H), 7.17 (m, 14H), 7.00 (m, 8H),
3.72 (septet, Ar CHMe2, JHH = 7 Hz) 3.57 (d, 1H, CH 2Ph, 2JHH = 11 Hz), 3.35 (d, 1H, CH 2Ph,
111
2 JHH =1 Hz), 1.57 (s, 3H, CHCMe2Ph), 1.52 (s, 3H, CHCMe2Ph), 1.15 (d, 6H, Ar CHIMe2, JHH
= 7 Hz), 1.09 (d, 6H, Ar CHMe2, JHH = 7 Hz); 13C{'H}NMR (C6D6) 6 280.3, 153.1, 149.2, 145.8,
145.6, 137.0, 135.9, 130.9, 130.3, 129.4, 128.8, 128.6, 127.4, 126.5, 126.4, 124.9, 123.5, 53.6,
44.0, 31.2, 31.0, 29.7, 24.5, 23.6; Anal. caled for MoC 47H51NOSi: C, 73.32; H, 6.68; N, 1.82,
Found: C, 73.10; H, 6.85; N, 1.95.
Mo(NAd)(CHCMe 2Ph)(CH 2Ph)(OSiPh3) (11). This complex was made in an analogous
fashion to 4 employing 100 mg (0.179 mmol) of 2 and yielded 125 mg (0.168 mmol, 94 % yield)
of bright yellow needles after crystallization from concentrated pentane solution at -30 0C. 'H
NMR (C6D6) 6 11.66 (s, CHCMe2Ph, JCH = 116 Hz), 7.71 (m, 6H), 7.38 (d, 2H), 7.17 (m, 17H),
3.31 (d, 1H, CH2Ph, 2 JHH = 11 Hz), 3.27 (d, 1H, CH2Ph, 2 JHH = 11 Hz), 1.68 (m, 9H, Ad), 1.61
(s, 3H, CH2Me2Ph), 1.57 (s, 3H, CH2Me2Ph), 1.34 (m, 6H, Ad); 13C{H}NMR (C6D6) 6 275.7,
150.6, 146.9, 137.6, 135.9, 130.5, 130.3, 129.2, 128.7, 128.4, 127.0, 126.3, 124.4, 73.5, 50.7,
45.3, 40.2, 36.3, 32.4, 31.6, 30.2; Anal. calcd for MoC 45H49NOSi: C, 72.65; H, 6.64; N, 1.88,
Found: C, 72.66; H, 6.52; N, 1.92.
General procedure for in situ reactions. The appropriate bisbenzyl complex was dissolved in
C6D6 containing 1.1 mg ferrocene as internal standard. An alcohol or phenol was then added to
the stirred mixture in one portion as a solid and the solution was stirred for amount of time
reported in the text. The entire reaction mixture was transferred to a J-Young tube and the IH
NMR spectrum recorded. Only the relevant diagnostic signals of in situ generated complexes are
recorded.
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Mo(NAr)(CHCMe 2Ph)(CH2Ph)[(-)-menthoxide] (12). 'H NMR (C6D6) 6 = 11.78 (s, 1H,
Mo=CH, major diastereomer, 60%, JCH = 118 Hz), 12.03 (s, 1H, Mo=CH, minor diastereomer,
40%, JCH = 118 Hz).
Mo(NAd)(CHCMe 2Ph)(CH 2Ph)[(-)-menthoxide] (13). 'H NMR (C6D6) 6 = 11.78 (s, 1H,
Mo=CH, major diastereomer, 54%, JCH = 116 Hz) 11.77 (s, 1H, Mo=CH, minor diastereomer,
46%, JCH)-
Mo(NAr)(CHCMe 2Ph)(CH 2Ph)[(-)-borneoxide] (14). 'H NMR (C6D6) 6 = 11.60 (s, 1H,
Mo=CH, major diastereomer, 56%, JCH = 118 Hz), 11.52 (s, 1H, Mo=CH, minor diastereomer,
44%, JCH = 117Hz).
Mo(NAd)(CHCMe 2Ph)(CH 2Ph)[(-)-borneoxide] (15). 'H NMR (C6D6) 6 = 11.81 (s, 1H,
Mo=CH, minor diastereomer, 48%, JCH = 117 Hz), 11.76 (s, 1H, Mo=CH, major diastereomer,
52%, JCH 116).
Mo(NAd)(CHCMe 2Ph)(CH2Ph)(Br 2Bitet-TBS) (16). 'H NMR (C6D6) 6 = 12.79 (s, 1H,
Mo=CH, minor, 30%, JCH = 119 Hz) 12.03 (s, 1H, Mo=CH, major diastereomer, 70%, JCH)-
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Mo(NAd)(CH 2CMe2Ph)(CH2Ph)2(OC 6Fs) (17). 'H NMR (C6D6) 6 = 3.54 (AB system, 4H,
MoCH 2Ph, JHH = 7.7 Hz), 2.83(s, 3H, MoCH 2CMe2Ph).
Mo(NAd)(CH 2CMe2Ph)(CH2Ph)2(OC6Fs) (18). 1H NMR (C6D6) 6 = 3.55 (AB system, 4H,
MoCH 2Ph, JHH = 7.8 Hz), 2.95 (s, 3H, MoCH 2CMe 2Ph).
Mo(NAd)(CH 2CMe2Ph)(CH 2Ph)2[(R)-2'-((di-tert-butyl(phenyl)silyl)oxy)-1,1'-binaphthalyl-
2-oxide] (19). 'H NMR (C6D6 ) 6 = 3.54 (AB pattern, 2H, MoCH2Ph, JHH = 8.3 Hz), 3.27 (AB
pattern, 2H, MoCH 2Ph, JHH = 7.7 Hz), 2.22(AB pattern, 2H, MoCH2CMe2Ph, JHH = 8.5 Hz).
Mo(NAr)(CHCMe 2Ph)(Me 2PyPyr)2 (20). Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) (0.3 g, 0.38
mmol) was weighed and dissolved in 7 mL of -30 'C Et2O. Na(Me2PyPyr) (0.148 g, 0.76 mmol,
2 eq.) was added portionwise to the rapidly stirring solution over the course of 5 minutes. The
solution was then allowed to warm to room temperature and was stirred for 18 hours during
which time the color of the solution changed from translucent yellow to dark red orange. The
solution was filtered through a sintered glass frit to remove NaOTf. The solution was then
concentrated and left to crystallize at -30 'C. Mo(NAr)(CHCMe 2Ph)(Me2PyPyr)2 (0.152 g, 0.204
mmol, 54%) was isolated as bright orange crystals. 'H NMR (C6D6): 6 13.49 (s, 1H, JCH = 123
Hz, Mo=CH), 7.08 (m, 8H, aryl), 6.88 (m, 2 H, aryl), 6.65 (m, 2H, aryl), 6.32 (s, 1H, Me2PyPyr),
6.30 (s, 1H, Me2 PyPyr), 5.99 (t, 1H, Me2PyPyr), 5.92 (t, 1H, Me2PyPyr), 4.57 (br, 1H, CHMe2 ),
3.56 (br, 1H, CHMe2), 2.50 (s, 3H, Me2PyPyr), 2.35 (s, 6H, Me2 PyPyr), 2.28 (s, 3H, Me2PyPyr),
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1.47 (s, 3H, CMe2Ph), 1.33 (s, 3H, CMe2Ph), 1.21 (br, 6H, CHMe2 ), 0.78 (br, 3H, CHMe2), 0.63
(br, 3H, CHMe2). Anal. caled. For MoC44H 1N5 : C, 70.85; H, 6.89; N, 9.39%. Found: C, 70.79;
H, 7.03; N, 9.25%.
Mo(NAr)(CHCMe 2Ph)(Me 2PyPyr)[OCMe(CF 3)2](21). Mo(NAr)(CHCMe 2Ph)[OCMe(CF 3)2]2
(0.1 g, 0.13 mmol) was weighed and dissolved in 5 mL of -30 'C Et20. Na(Me 2PyPyr) (0.026 g,
0.13 mmol) was added in one portion to the rapidly stirring solution. The solution was then
allowed to warm to room temperature and was stirred for 2 hours during which time the color of
the solution changed from translucent yellow to bright orange. All volatile components were
removed in vacuo and resulting orange powder was extracted with 5 mL of toluene and the
solution was filtered through a plug of diatomaceous earth to remove Na[OCMe(CF 3)2]. All
volatiles were then again removed in vacuo, and solid was dissolved in a minimum of Et20.
Storage of the solution at -30 'C overnight gave Mo(NAr)(CHCMe 2Ph)(Me2PyPyr)
[OCMe(CF 3)2] (0.08 g, 0.105 mmol, 80%) as yellow-orange microcrystalline solid. 'H NMR
(C6D6): 6 13.39 (s, 1H, JCH = 148 Hz, Mo=CH), 9.14 (d, 1H, Me2PyPyr), 7.24 (d, 2 H, CMe2Ph),
7.06 (d, 1H, NAr), 6.97 (t, 2H, NAr), 6.85 (m, 4H, aryl), 6.76 (m, 2H, aryl), 6.27 (t, 1H,
Me2PyPyr), 6.02 (s, 1H, Me2 PyPyr), 4.62 (septet, 1H, CHMe2), 3.07 (septet, IH, CHMe2), 2.26
(s, 3H, Me2PyPyr), 1.65 (s, 3H, CMe(CF3)2), 1.44 (s, 3H, CMe2Ph), 1.40 (s, 3H, CMe2Ph), 1.36
(d, 3H, CHMAe2), 1.33 (d, 3H, CHMe2), 0.97 (d, 3H, CHIMe2), 0.64 (d, 3H, CHMe2). 19F NMR
(C6D6): 6 -77.4 (q, 3F), -78.8 (q, 3F). Anal. calcd. For MoC 3 7H43N3OF 6 : C, 58.81; H, 5.74; N,
5.56%. Found: C, 58.75; H, 5.85; N, 5.47%.
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Mo(NAr)(CH 2CMe2Ph)(q 5-cp)(i'-cp) (22) Mo(NAr)(CHCMe 2Ph)(OTf)2(DME) (0.25 g, 0.32
mmol) was weighed and dissolved in 5 mL of -30 'C Et2O. Li(cp) (0.047 g, 0.66 mmol, 2.05 eq)
was added portionwise to the rapidly stirring solution over the course of 5 minutes. The solution
was then allowed to warm to room temperature and was stirred for 90 minutes during which time
the color of the solution changed from translucent yellow to dark yellow. All volatile
components were removed in vacuo and resulting yellow powder was extracted with 10 mL of
toluene which was filtered through a fine porosity sintered glass frit. The toluene solution was
then concentrated and finally layered with several portions of pentane and left to crystallize at -
30 'C. Mo(NAr)(CHCMe 2Ph)(cp) 2 (0.101 g, 0.19 mmol, 59%) was isolated as bright yellow
blocks. 'H NMR (C6D6): 8 13.65 (s, 1H, JCH = 131 Hz, Mo=CH), 7.24 (d, 2H, CMe 2Ph), 7.21
(d, 2 H, NAr), 7.16 (m, 3H, CMe 2Ph + NAr), 7.02 (t, 1H, CMe 2Ph), 6.90 (br, 5H, T1 -Cp), 5.58 (s,
5H, JCH =9.5 Hz, 5-Cp), 3.80 (br, 1H, CHMe2), 3.13 (br, 1H, CHMe2), 1.87 (s, 3H, CMe2Ph),
1.63 (s, 3H, CMe2Ph), 1.18 (br, 12H, CHMe2). Anal. calcd. For C32H37NMo: C, 72.30; H, 7.02;
N, 2.63%. Found: C, 72.03; H, 6.94; N, 2.55%.
General method employed for metathesis reactions. For metathesis reactions of
diallyltosylamine or allyl ether, a 0.2 M solution of substrate in C6D6 and 10 pL of anisole (as
internal standard) were placed in a Teflon capped NMR tube and the noted amount of catalyst
was then added. The tube was caped and the solution was allowed to stand at room temperature.
Conversion was determined via 'H NMR spectroscopy. For metathesis reactions of N-allyl-N-
(2,6-dimethylhepta- 1,6-dien-4-yl)aniline, the same general procedure mentioned previously was
employed and enantiomeric ratios were determined by chiral CG in comparison with authentic
racemic materials.
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Table 3.3. Crystal data and structure refinement for 1.
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
07195
MoC 45H49N3
727.81
100(2) K
0.71073 A
Triclinic
P1
a = 9.6278(5) A
b = 11.4050(6) A
c = 17.3230(10) A
1872.23(18) A3
a = 86.6030(10)0
p = 81.8600(10)0
y = 84.4730(10)0
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.130
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
1.291 Mg/m3
0.385 mm-1
764
0.35 x 0.25 x 0.20 mm 3
1. 19 to 29.130
-13<=h<=13, -15<=k<=15, -23<=l<=23
40374
10066 [R(int) = 0.0232]
99.8 %
Semi-empirical
0.9269 and 0.8769
Full-matrix least-squares on F2
10066 / 58 / 445
1.085
RI = 0.0234, wR2 = 0.0633
RI = 0.0255, wR2 = 0.0685
0.501 and -0.322 e.A-3
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Table 3.4. Crystal data and structure refinement for 5.
Identification code 08016
Empirical formula MoC49HwN 5
Formula weight 834.11
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P1
Unit cell dimensions a = 11(2) A
b = 12.590(6)
c = 19.678(7)
2442(445) A3Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 24.53'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 77.907(1 1)'
p = 89.82(2)0
y= 67.207(18)0
2
1.134 Mg/m 3
0.304 mm-1
900
0.30 x 0.30 x 0.10 mm3
1.06 to 24.53'
-12<=h<=12, -13<=k<=14, 0<=l<=21
9038
9038 [R(int) = 0.0000]
86.1 %
Semi-empirical
0.9702 and 0.9144
Full-matrix least-squares on F2
9038 / 480 / 500
1.069
RI = 0.1083, wR2 = 0.2693
R1 = 0.1291, wR2 = 0.2921
3.195 and -1.392 e.A-
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Table 3.5. Crystal data and structure refinement for 6.
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
08028
MoC 5 2H51N5
841.92
100(2) K
0.71073 A
Monoclinic
P2(1)/n
a= 13.0553(17) A
b = 19.823(3) A
c = 16.594(2) A
4223.6(9) A3
a = 900
p = 100.415(2)0
Y = 900
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 27.48'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
4
1.324 Mg/m 3
0.353 mm-1
1760
0.50 x 0.50 x 0.50 mm 3
1.62 to 27.480
-1 6<=h<=16, -25<=k<=23, -21 <=l<=21
71070
9683 [R(int) = 0.0418]
100.0 %
Semi-empirical
0.8432 and 0.8432
Full-matrix least-squares on F2
9683/1 /526
1.054
RI = 0.0311, wR2 = 0.0729
RI = 0.0419, wR2 = 0.0795
0.518 and -0.583 e.A-3
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Table 3.6. Crystal data and structure refinement for 7.
Identification code 08314
Empirical formula MoC 36H43N
Formula weight 585.65
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 13.5883(11) A
b= 13.6500(l1)A
c = 17.3667(14) A
Volume 3029.6(4) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 26.730
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 98.6160(10)'
P = 100.9260(10)0
7 = 102.2450(10)0
4
1.284 Mg/m 3
0.457 mm-1
1232
0.45 x 0.4 x 0.2 mm 3
1.22 to 26.730
-17<=h<=17, -17<=k<=17, -21<=l<=21
66828
12851 [R(int) = 0.0337]
100.0 %
Semi-empirical
0.8926 and 0.7732
Full-matrix least-squares on F2
12851 / 2 / 691
1.049
RI = 0.0258, wR2 = 0.0644
RI = 0.0299, wR2 = 0.0674
0.838 and -0.774 e.A-3
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Table 3.7. Crystal data and structure refinement for 8.
Identification code 08333
Empirical formula MoC 34H41N
Formula weight 559.62
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 10.3467
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 28.69'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
(11) A
b= 11.3932(11) A
c = 12.2360(12) A
1389.0(2) A3
a = 95.540(2)0
3 = 104.548(2)0
y = 90.225(2)*
1.338 Mg/m 3
0.495 mm-1
588
0.45 x 0.35 x 0.20 mm 3
1.73 to 28.690
-13<=h<=13, -15<=k<=15, -16<=1<=16
34197
7142 [R(int) = 0.0330]
99.5 %
Semi-empirical
0.9075 and 0.8080
Full-matrix least-squares on F2
7142/1/328
1.059
RI = 0.0258, wR2 = 0.0663
RI = 0.0282, wR2 = 0.0679
0.746 and -0.945 e.A-3
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Table 3.8. Crystal data and structure refinement for 9.
Identification code 09002
Empirical formula MoC 34H39N
Formula weight 557.60
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 15.0098(15)
b =12.2207(13)
c = 15.8208(16)
Volume 2887.9(5) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta= 27.880
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 900
p = 95.645(2)0
y = 900
4
1.282 Mg/m 3
0.476 mm-1
1168
0.30 x 0.30 x 0.30 mm 3
1.36 to 27.880
-1 9<=h<=19, -16<=k<=16, -20<=l<=20
67223
6896 [R(int) = 0.0544]
100.0 %
Semi-empirical
0.8704 and 0.8704
Full-matrix least-squares on F2
6896/1/328
1.068
R1 = 0.0305, wR2 = 0.0761
RI = 0.0371, wR2 = 0.0811
0.947 and -0.563 e.A-3
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Table 3.9. Crystal data and structure refinement for 20.
Identification code 09353
Empirical formula MoC 44H51N5
Formula weight 745.84
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a = 37.433(3) A
b = 12.2577(8) A
c = 18.9550(13) A
Volume 7514.3(9) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.13
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a 900
p = 120.2340(10)0
y = 900
1.319 Mg/m 3
0.387 mm-1
3136
0.25 x 0.25 x 0.10 mm3
1.26 to 29.13'
-51<=h<=51, -16<=k<=16, -25<=l<=25
85920
10085 [R(int) = 0.0834]
99.9 %
Semi-empirical
0.9623 and 0.9094
Full-matrix least-squares on F2
10085 / 1 / 458
1.038
RI = 0.0401, wR2 = 0.1014
RI = 0.0575, wR2 = 0.1103
1.317 and -0.843 e.A-3
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CHAPTER 4
Tris(pyrrolyl-a-methyl)amines That Sterically Protect a Trigonal Metal Site
Portions of this chapter have appeared in print:
Wampler, K. M.; Schrock, R. R. "Tris(pyrrolyl-a-methyl)amines that Sterically Protect a
Trigonal Metal Site" Inorg. Chem. 2007, 46, 8463.
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INTRODUCTION
N 2 (g) + 3 H 2 (g) . 2 NH3 (g) AH = -22 kcal/mol (4.1)
Industrial synthesis of ammonia via the Haber-Bosch process' (Equation 4.1) provides
the growing world population with a feedstock of reactive nitrogen. The reaction of dinitrogen
with three equivalents of dihydrogen to give two equivalents of ammonia is exothermic by 22
kcal/mol, which is surprising considering dinitrogen has a very high bond dissociation energy of
225 kcal/mol. 2 The reaction as catalyzed by an iron catalyst is slow at room temperature and
therefore high temperatures are required to obtain a reasonable reaction rate. High temperature
shifts the equilibrium toward products and, consequently, high pressures are required to alter the
equilibrium concentration of ammonia to a profitable margin. Both the agricultural and chemical
industries demand ammonia, and this need is likely to continue into the foreseeable future.
Efforts to improve efficiency of this process have resulted in plants that are now able to achieve
an energy efficiency of 65%.3',
Nitrogenase enzymes effect six-electron reduction of dinitrogen to ammonia under
biological conditions.5 Despite the availability of a detailed structure of the active site of the
most efficient nitrogenase, 6 which contains molybdenum, and over forty years of extensive
investigative efforts, a detailed mechanism of nitrogenase function remains to be established.
Such knowledge could prove useful in developing more energy-efficient alternatives to the
Haber-Bosch process.
Our laboratory has been exploring complexes of the earlier metals that contain a
substituted triamidoamine ligand ([(RNCH 2CH2)3N] 3~V7 especially versions in which R is an aryl
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group,8 and in particular molybdenum complexes in which R is 3,5-(2,4,6-i-Pr 3C6H2)2C6H3
HIPT (HexalsoPropylTerphenyl). [HIPTN3N]Mo complexes ([HIPTN 3N]3-
[(HIPTNCH 2CH2)3N] 3-) will catalyze the reduction of dinitrogen with protons and electrons at
room temperature and pressure.9  Some steric and electronic variations of the [HIPTN 3N] 3-
ligand (e.g., hexa-t-butylterphenyl) have been explored, but in most cases the variations have led
to a decrease in catalytically efficiency, or, in many cases, no catalytic turnover at all.10 A search
for related trianionic tetradentate ligands that might enforce a trigonal sterically protected
binding site drew us to variations of tris(pyrrolyl-a-methyl)amine (H3TPA) prepared by Odom"
and tris(indolyl-a-methyl)amine prepared by Parkin.12
i-Pr
-n"' i-Pr
N i-Pr i-Pr
IIIHIPT N
N i-Pr
HIPT Mo-N i-Pr
N HIPT
Figure 4.1. Schematic representation of [HIPTN 3N]Mo(N 2).
The pyrrolide anion is isoelectronic with the cyclopentadienide anion and therefore has
been of interest as a supporting ligand in inorganic and organometallic chemistry for some
time.13 A pyrrolide binds most often to a single metal center in either a il' (through N) or l 5
fashion, although several monometallic and bimetallic variations are known. A variety of group
4 species14 and group 5 species' 5 have been structurally characterized. In contrast, group 6
examples of pyrrolide complexes were relatively rare at the onset of our investigations.16
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RESULTS
4.1. Synthesis of Arylated Tris(pyrrolyl-a-methyl)amines.
Na PR2Na
cat. [Pd]/ Ph H (4.2)
+ ZnCl2 + ArylBr ,Aryl
0\/ THF, A -0
2-arylpyrroles can be synthesized by is by the direct arylation17 of in situ prepared
pyrrolyl zinc chloride with an appropriate aryl halide, and is mediated by a palladium dialkyl
biaryl phosphine catalyst (Equation 4.2). 1 The report by Sadighi18 is an .optimization of a
procedure first disclosed by Filippini.19 The Filippini report showed that reaction of pyrrolyl
sodium with bromobenzene in the presence of a catalytic amount of PdCl2(PPh3)2 gave only
biphenyl, whereas if in situ prepared pyrrolyl zinc chloride is employed, a 75% yield of 2-
phenylpyrrole may be obtained. 2-arylpyrroles may also be synthesized by the Suzuki reaction
of N-protected pyrrole boronic acids with aryl halides. 20 These methods are efficient but require
the installation of a boronic acid moiety at the desired coupling position. The Sadighi protocol
circumvents previous activation of the coupling position. The reaction shown in Equation 4.2 is
high yielding when ArylBr is PhBr, MesBr, TripBr, ArFBr, 4-bromo-NN-dimethylaniline, 3-
bromoquinoline, 1 -bromo-4-butylbenzene, 2-bromoanisole, or 1-bromo-3,5-
dimethoxybenzene.' 8 Other variations were attempted with 1 -bromo-3,5-dimethylbenzene, 2-
bromo-1,4-dimethylbenzene, and 2-bromo-1,4-diisoproylbenzene, but the arylated pyrrole
product was obtained in low yield.
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H 3 CH20 H
No NH4C1 N Ay)(3\rylEtOH/H20 or i-PrOHH 2O N .3(
55 0C
Aryl = Mes (la)
Aryl = Trip (1b)
Aryl = ArF (iC)
With the 2-aryl-pyrroles in hand, a triple Mannich reaction between the 2-arylpyrrole
(Mes = 2,4,6-Me3-C6H2; Trip = 2,4,6-(i-Pr) 3-C6H2; ArF = 3,5-(CF 3)2-C6H3) and ammonium
chloride was performed (Equation 4.3). Modifications of Odom's procedure" (different
solvents, temperatures and reaction times) were required to produce the desired sterically-
modified tris(pyrrolyl-a-methyl)amines la - c in good yield. The most important deviation from
Odom's procedure was changing the reaction solvent from EtOH/H20 to isopropanol to increase
the concentration of the more lipophilic 2-aryl-pyrrole. 'H and 13C NMR spectra of all three
compounds recorded at 23 0C are consistent with a C3 symmetric species, and are similar to the
reported spectral data for H3TPA." Further supporting evidence was found in the HR-MS
spectrum. The three ligands showed the expected [M+H]* for the ionized molecule and in
addition a signal was observed for the fragmentation product of the NDonor-CMethylene bond.
Scheme 4.1. Formation of iminium ion in Mannich reactions.
H+H H ' HR' H H
-H+ 0, -H20 N,O+ H R + R'
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Interestingly, the least sterically encumbered of the 2-aryl-pyrroles utilized, 2-ArF_
pyrrole, required both the highest temperature and longest reaction time. The reason for this
lowered reactivity is likely that of all the modified pyrroles employed, 2-ArF-pyrrole is the most
electron deficient and a Mannich reaction requires attack of an electron rich aryl ring on an in
situ formed iminium ion. This iminium ion is formed via the reaction of ammonium chloride
and formaldehyde (Scheme 4.1).
4.2. Molybdenum Complexes of Arylated Tris(pyrrolyl-a-methyl)amines.
Cl Trip
H 1. MoC14(THF)2, THIF, 23 C (4.4)
Trip) 2. 3.1 LiN(TMS) 2  M
N 3
2
It was of interest to inquire whether a Mo'vCl[Aryl3TPA] analog of MovClI[HIPTN 3N],
which was found to be a useful synthon to produce catalytic intermediates in the MomlI/MovI N2
reduction cycle, could be synthesized. Addition of either la or Ic to MoCl4(THF)2 in THF
followed by deprotonation with three equivalents of LiN(TMS)2 led to an intractable mixture.
However, the analogous reaction with lb gave MoCl[Ar 3TPA] (2) in 14% yield after
crystallization from saturated pentane solution at -30 0C (Equation 4.4). The 1H NMR spectrum
of 2 at 23 'C (benzene-d6) is broad and featureless which is consistent with a high spin MoIV
complex and the measured paff(Evan's method21) of 2.34 Bt.
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Figure 4.2. Solid state structure of compound 2 with ellipsoids at 50% probability. Hydrogen
atoms and co-crystallization pentane omitted; Selected bond lengths (A): Mo-N(l) = 2.004(3),
Mo-N(2) = 2.009(3), Mo-N(3) = 2.009(3), Mo-N(4) = 2.213(3), Mo-Cl(l) = 2.3095(13).
136
Figure 4.3. Space filling diagram of MoClI[TRIP 3TPA] (2).
Crystallographic quality crystals of complex 2 were grown from a saturated pentane
solution at -30 *C, and a thermal ellipsoid plot is shown in Figure 4.2. MoCl[Trip 3TPA] assumes
a near-perfect trigonal-bipyramidal geometry with the three pyrrolide nitrogens forming the
equatorial plane and chloride and donor nitrogen occupying the axial positions. Calculation of
the o value of complex 2 reveals it equal to 1.07. This value is calculated using the equation T =
(P - a)/60, where p is the greater of the basal angles and a is the lesser of the basal angles.
Therefore, a compound which has perfect trigonal bipyramidal (TBP) geometry such as PF5 has t
= 1, while for a compound with square pyramidal geometry, such as IF5, has T = 0.22 The value
of 1.07 found for complex 2 is slightly greater than the theoretical maximum due to Mo(l) sitting
out of the plane formed by the three pyrrolide nitrogen atoms by ~ 0.45 A. The Mo(l)-Cl(l) and
Mo(l)-N(4) bond lengths of 2.3095(13) A and 2.213(3) A, respectively, are similar to other
crystallographically characterized complexes.'(a), 2 3 The average Mo(l)-Nyrroide bond length of
2.007 A is within the range of other Mo-(ij-Npyrroide) distances.2 4  The Trip substituents
interdigitate, as is evident upon inspection of a space filling diagram (Figure 4.3), to form a
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cavity 6.218 A deep which is circa 0.9 A shallower than that found in MoCl[HTBTN 3N] [HTBT
= 3,5-(2,4,6-t-Bu 3C6H2)2C6H3]. 1(a)
Attempted reduction of 2 with a variety of reducing agents (Mg, Na/Hg, KC8, NaC10H8,
Cp*2Co) in several solvents (C6H6 , Et2O, THF, DME) led to intractable mixtures. This method
of reduction of a MovCl in the presence of N2 has led to the formation of Mo(IV) diazenide
complexes (Mo-N=N~) in arylated triamidoamine systems.8 ,9,23 IR spectra of the reaction
mixtures did not contain any stretches that could be assigned to a coordinated N2 ligand. 1H
NMR spectra of the reaction products indicated multiple paramagnetic products, none of which
could be assigned or isolated from byproducts. Reaction of TMSOTf or TMSI with complex 2
led to decomposition. It was hoped that replacement of the chloride ligand with a more labile
triflate or iodide would lead to reduction without decomposition.
ArF
H ArF --N
N MoN(N ANMe2ArF
3 
-2 HMe2  NM r(5CH2Cl2, 23 0C
3
Because no complexes of ligands la or ic could be isolated via a deprotonation route
protonolysis reactions were also attempted. Reaction of either la or lb with MoN(NMe2)4,
M(Me2)4 (M= Mo, Zr or Hf) gave incomplete reactions over the temperature range studied (23 -
100 0C). Ligand 1c, conversely, is much more reactive due to lowered steric hindrance and
increased acidity conferred by the ArF substituents. Reaction of 1c with MoN(NMe 2)3 in
dichloromethane at 23 'C (Equation 4.5) leads to the formation of the partially metalated
complex MoN(NMe2)-K3 -[ArF3TPA] (3). This result is similar to that obtained by Parkin upon
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reaction of Ta(NMe3)5 with tris(indolyl-a-methyl)amine to yield Ta(NMe2)3-ic3-[tris(indolyl-a-
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methyl)amine]. Solution 1H and 19F NMR spectra at 23 *C (CD 2Cl2) are consistent with a Cs
symmetric species containing two coordinated pyrrolides and one unreacted pyrrole. The
solution structure was corroborated through a single crystal X-ray diffraction study (Figure 4.4).
'7,Z
N(2)
Figure 4.4. Thermal ellipsoid plot of 3 Selected bond distances (A) and angles (0): (A) Mo-N(l)
= 1.657(2), Mo-N(2) = 2.330(2), Mo-N(3) = 2.108(2), Mo-N(4) = 2.096(2), Mo-N(6) = 1.926(2).
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Complex 5 assumes a distorted square-based pyramidal geometry (T = 0.33)22 with the
nitride occupying the axial position. The base is formed by the two coordinated pyrrolide
nitrogens, the donor nitrogen, and the one unreacted dimethylamide ligand. Closer inspection of
the structure shows a non-negligible hydrogen bonding interaction between the proton of the
unreacted pyrrole and the nitride. The distance between N(1) and N(5) is 2.893(3) A, which is
shorter than the sum of their Van der Waals radius2 5 (2 x radiusN = 3.10 A). This type of metal
nitride hydrogen bond is not well known, but Mindiola has published an example.26  This
hydrogen bond along with steric and electron-deficiency of the ligand offer a possible
explanation for the partial metalation.
Efforts to effect proton transfer between the uncoordinated ArFPyr arm and the last
remaining dimethylamide in complex 3 were unsuccessful using several bases (LiN(TMS) 2,
NaO-t-Bu, NEt3, NpLi, PyrLi and KH) and led only to decomposition. Addition of TMSCl,
which has been found to eliminate TMSNMe 2 and generate a metal chloride27 in other systems,
to complex 3 gave no reaction. Reaction of 3 with 2,6-lutidinium chloride or iodide2 8 was also
unsuccessful. Additionally, attempts to prepare Mo(N)[Aryl 3TPA] (Aryl = Trip, Mes, ArF)
through reaction of Mo(=N)Cl 3(DME)29 or [PPh4][Mo(=N)Cl 4]3 0 with H3[Aryl3TPA] and
various bases in several solvents did not lead to any tractable material.
ArF
NMe2
N I ,NMe 2 ArF (4.6)H y No
N Mo(NMe 2)4  N N
N ArF 
-2 HMe 23 CH2Cl2, 23 *C
ArF
4
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N(2)
Figure 4.5. Thermal ellipsoid plot of 4. Selected bond distances (A) and angles (*): (A) Mo-N(l)
= 2.237(3), Mo-N(2) = 2.191(3), Mo-N(3) = 2.157(3), Mo-N(5) = 2.157(3), Mo-N(6) =
1.931(3).
Reaction of 1c with Mo(NMe 2)4 in dichloromethane at 23 'C (Equation 4.6) yield
Mo(NMe2)2-K3-[ArF3TPA] (4) in which again only two of the pyrrolides have metalated.
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Solution 1H and 19F NMR spectra at 23 'C (CD 2Cl2) were slightly paramagnetically shifted
which has been observed for other MoIv dimethylamido complexes3 1 and therefore the structure
of 4 was fully elucidated by solid state structure. Complex 4 assumes a square-based pyramidal
geometry (t = 0.09).2 This geometry is similar to the structure of 3, with a dimethylamide
occupying the axial position rather that a nitride. Attempts to effect proton transfer from the
third, unreacted arm of 4 utilizing a variety of bases (LiN(TMS) 2, NEt3, n-BuLi, etc.), as well as
attempts at substitution of the dimethylamido ligand with a halogen using typical reagents
(TMSCl, TMSI, etc.) have either been unsuccessful or led to decomposition.
5.3. Zirconium and Hafnium Complexes of Arylated Tris(pyrrolyl-a-methyl)amines.
Me Me
N \ ArF
H H N
N M(NMe2)4, I3 -2 HNMe2  Me*N' . 'M N
CH2C12, 23 0C Me |N /3
M = Zr, 5
M = Hf, 6
In contrast to the results obtained with molybdenum, protonolysis reactions of 1c with
either Zr(NMe 2)4 or Hf(NMe 2)4 in dichloromethane leads to the ready formation of
M(NMe2 )(NHMe2 )Ar F3TPA] [M = Zr (5); Hf (6)] in high yield (Equation 4.7). 'H and 19F
NMR spectra at 23 'C (CD 2Cl2) show a C3 symmetric species which arises from rapid
dissociation of the dimethylamine ligand on the NMR timescale (Figure 4.6).
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NMR at 23 0C in CD2Cl 2 of Hf(NMe2)(HNMe 2)[ArF3TPA] (6).
X-ray quality crystals of Zr(NMe 2)(HNMe 2)[ArF3TPA] (5) were grown by diffusion of
pentane into a saturated dichloromethane solution at -300 C. A thermal ellipsoid plot is shown in
Figure 4.7. The solid state structure of 5 shows the complex adopts a highly distorted octahedral
geometry in the crystalline state. The geometry can be best explained as a distortion of the
trigonal bipyramidal complex Zr(NMe 2)[ArF3TPA] by an incoming dimethylamine ligand in the
equatorial plane. The dimethylamine and dimethylamide ligands were clearly identified by the
differences in the Mo-N distances (~0.4 A), as well as the pyramidalization about N(6).
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N(5)
N(6)
Zr(1)
N(2)
(4) N(3)
Figure 4.7 Thermal ellipsoid plot of complex 5 with thermal ellipsoids at 50% probability.
Hydrogen atoms and co-crystallized dichloromethane omitted; (A) Zr-N(1) = 2.346(2), Zr-N(2)
= 2.199(2), Zr-N(3) = 2.220(2), Zr-N(4) = 2.221(2), Zr-N(5) = 2.040(3), Zr-N(6) = 2.441(3).
DISCUSSION
The object of this synthetic investigation was to prepare new trianionic ligands which
might be capable of supporting a molybdenum catalyst for the reduction of nitrogen.
Unfortunately, no species in a molybdenum-based N2 reduction9 cycle could be synthesized.
The arylated tris(pyrrolyl-a-methyl)amines presented here were attractive for two reasons:
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coordinated to a metal, they would offer both a less 7-basic ligand and a different steric
environment.
x
I1 I
E A2
Figure 4.8. Symmetry adapted linear combination (SALC) orbitals involved in metal-amide 7c-
bonding and ligand centered nonbonding in metal triamidoamine ([RN 3N]M) systems (assuming
a point group of C3v).
The lowered 7-basicity of the presented TPA ligands would allow for the electronic
environment of the metal center to be tuned, as all of the arylated triamidoamine ligands studied
in recent years have a very similar electronic environment.7''' 9"0 Triamidoamine metal
complexes have local C3v symmetry and therefore in the molybdenum-amide plane there are only
two metal orbitals, dxy and dx2 _ 2 (E symmetry), that are available to accept 7r-electron density
from the amido nitrogens (Figure 4.8). There remains a ligand-centered nonbonding pair of
electrons in an SALC of A2 symmetry that are accessible to protons under catalytic conditions. It
is believed that protonation of the ligand leads to diminished catalytic activity and is part of the
reason why only 4 turnovers are possible.9e It was thought that the TPA ligands presented in this
chapter could prevent deactivation of this type, because the pyrrolide nitrogen lone pairs would
be involved in 7r-bonding within the aromatic pyrrolyl ring. However, it appears that these
ligands are too poor of a donor to make very stable complexes, leading to highly unstable
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complexes in the case where the ligand was found to be fully metalated, MoCl[Trip3TPA] (2),
and only partially metalated complexes, MoN(NMe 2)- 3 -[ArF3TPA] (3) and Mo(NMe 2)2-K3-
[ArF3TPA] (4). Zirconium and hafnium complexes containing a fully metalated arylated TPA
were prepared, M(NMe2)(HNMe2)[ArF 3TPA] (M = Zr, 5; Hf, 6), but not as five-coordinated
species due to the presence of a residual dimethylamine ligand. Current work in our research
group has shown that (pyrrolyl-a-methyl)diamidoamines of the type
[ArylN(H)CH 2CH2]2NCH2(2-Mes-pyrrole) (Aryl = C6 F5 , 3,5-(t-Bu) 2-C6H3, HIPT) may be
prepared.32 Molybdenum complexes that are similar to the catalytic intermediates in the
reduction on N2 to NH3 by [HIPTN 3N]Mo complexes may be prepared. These (pyrrolyl-a-
methyl)diamidoamine complexes are not catalytically active for nitrogen reduction.
Scheme 4.2. Representation of aryl substitute angles in triamidoamine and tris(pyrrolyl-a-
methyl)amine ligands.
a
M-N
M-N
N
N
The steric factor that could be changed with these arylated TPA ligands as compared to
arylated tris(aminoethyl)amine ligands is the angle of the aryl substituent with respect to the
equatorial plane (Scheme 4.2). Triaryl tris(aminoethyl)amines, such as HIPTN3N, upon
coordination to a transition metal, are found to have a = 130-135 .9,1,23 In the structure of
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MoCl[Trip 3TPA] (2), presented in this chapter, a has been found to be ~85'. This orientation
causes the substituent to form a cylindrical pocket around the axial ligand, whereas arylated
tris(aminoethyl)amine ligands form a "bowl" shaped pocket. The net result is that the aryl
substituents in TPA ligands more effectively sterically block the axial position.
The results found are unfortunate in the light of two reports that followed our disclosure
of the synthesis and metalation of arylated TPA ligands. First, calculations from Reiher suggests
that if Mo(N 2)[Trip 3TPA] could be synthesized, it would be a competent catalysts for reduction
of N2 to NH3, and could be more efficient than the current catalyst, [HIPTN 3N]Mo(N 2).33
Second, Chang has been able to prepare an iron complex of [Mes 3TPA] (la), K(Fe[Mes 3TPA])
and has shown this complex to be converted K(Fe(OH)[Mes 3TPA]) upon reaction with pyridine-
N-oxide and the hydrogen atom donor cyclohexadiene. These results illustrate that stable four-
and five-coordinate complexes of arylated TPA ligands can in fact be prepared.
CONCLUSIONS
In conclusion, a new series of ligands that can sterically protect a trigonal site have been
synthesized and several Mo, Zr, and Hf complexes of arylated tris(pyrrolyl-a-methyl)amine
ligands have been synthesized. It was found that [Trip 3TPA] could support at five-coordinate
Mo(IV) complex, but that the resulting complex was only produced in low yield and was
thermally unstable. Two molybdenum complexes in which only two of the three pyrrolyl "arms"
are metalated were prepared. The lack of complete reaction was attributed to it being
unfavorable to exchange a pyrrolide for an amide ligand, due to the attenuated 7i-donating ability
of pyrrolide ligands. Zirconium and hafnium complexes were also prepared in which the TPA
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ligand was metalated, but these complexes were found to be dimethylamine adducts,
presumably, due to the low 2-basicity of pyrrolyl anions.
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EXPERIMENTAL
General Comments. All manipulations involving air sensitive compounds were performed in
oven-dried (150 'C) glassware under an atmosphere of nitrogen in a Vacuum Atmospheres
glovebox. HPLC-grade toluene, pentane, tetrahydrofuran and methylene chloride were purified
by passage through an alumina column and stored over 4 A Linde-type molecular sieves prior to
use. Benzene-d6 and THF-d8 were dried over sodium benzophenone ketyl and distilled prior to
use. Methylene chloride-d2 was dried over CaH2, vacuum distilled, and stored over molecular
sieves prior to use. NMR spectra were recorded at 298 K on a Varian Mercury or Varian Inova
spectrometer operating at 300 or 500 MHz (H), respectively. Spectra are referenced to the
residual 'H/13 C peaks of the solvent and are listed in ppm relative to tetramethylsilane. 19F NMR
spectra were referenced externally to fluorobenzene (6 = -113.15 ppm upfield of CFCl3). HR-MS
was performed by Dr. Li Li on a Bruker Daltonics APEXIV 4.7 Tesla Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer at the MIT Department of Chemistry Instrumentation
Facility. Combustion analyses were performed by H. Kolbe Mikroanalitisches Laboratorium,
Mulheim an der Ruhr, Germany.
Materials. 2-Mes- 1 H-pyrrole [Mes = (2',4',6'-trimethylphenyl)], 2-Trip-1H-pyrrole 8 [Trip =
(2' ,4',6'-triisopropylphenyl)], 2-ArF-1H-pyrrole18 [ArF = 3,5-Bis(trifluoromethyl)phenyl],
MoCl 4(THF)234, Mo(N)(NMe 2)335, Mo(NMe2)436, Zr(NMe 2)437 and Hf(NMe2)437 were all
prepared according to the published procedures. NH4Cl (Alfa Aesar) and LiN(TMS) 2 (Aldrich)
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were sublimed prior to use. Formaldehyde (37% soln. in H2 0), MgSO 4, EtOH and 2-propanol
were purchased from Alfa Aesar and used as received.
Crystallography. Low temperature diffraction data were collected on a Siemens Platform three-
circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-
monochromated MoKa radiation (X = 0.71073 A), performing (p- and a)-scans. All structures
were solved by direct methods using SHELXS38 and refined against F2 on all data by full-matrix
least squares with SHELXL-97.39 All non-hydrogen atoms were refined anisotropically. Unless
described otherwise, all hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups).
H3 [Mes 3TPA] (la). A 100 mL flask was charged with 2-Mes-pyrrole (1.85 g, 10 mmol), NH4 Cl
(0.178 g, 3.3 mmol, sublimed), and formaldehyde (0.85 mL of 37% solution in water, 10 mmol)
and 10 mL of 2:1 EtOH:H 20. The mixture was stirred and heated at 50 'C in an oil bath for 3
hours. All volatiles were then removed in vacuo and to the residue were added 10 mL of ether,
10 mL of THF, and 10 mL of NaOH (10%). The ether layer was separated and the aqueous layer
was extracted 3 x 10 mL of Et2 0. The combined organic layers were dried over MgSO 4. All
volatiles were removed in vacuo and the crude off-white product was crystallized for saturated
pentane solution at -40 0C (1.64 g, 87%). 'H NMR (C6D6) 8 7.52(s, 3H, NH), 6.84 (s, 2H, Mes-
H), 6.24 (m, 3H, pyr), 6.08 (m, 3H, pyr), 3.54 (s, 6 H, NCH2), 2.18 (s, 27H, Mes-Me). 13C{'H}
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NMR (C6D6) 6 138.8, 137.8, 131.9, 129.9, 128.8, 128.6, 128.1, 109.2, 108.9, 50.1 (CH2 ), 21.1
(Mes-Me). HR-MS (El) 609.3956 ([M+H]*, caled 609.3952), 198.1287 ([2-Mes-pyrrole-CH2'],
caled 198.1283).
H3[Trip3TPA] (1b). A 250 mL flask was charged with 2-Trip-pyrrole (5.0 g, 18.5 mmol),
NH4Cl (0.331 g, 6.2 mmol, sublimed), and formaldehyde (1.53 mL of 37% solution in water,
18.5 mmol) and 20 mL of 70% 2-propanol. The mixture was stirred and heated at 55 'C in an oil
bath for 4 hours. All volatiles were then removed in vacuo and to the residue were added 20 mL
of ether, 20 mL of THF, and 20 mL of NaOH (10%). The ethereal layer was separated and the
aqueous layer was extracted 3 x 20 mL of Et2O. The combined organic layers were dried over
MgSO 4 . All volatiles were removed in vacuo and the crude tan product was crystallized for
saturated pentane solution at -40 'C (5.04 g, 95%). 'H NMR (CDCl3): 6 8.02 (s, 3H, NH), 7.02
(s, 2H, Trip-H), 6.12 (m, 3H, pyr), 5.99 (m, 3H, pyr), 3.65 (s, 6 H, NCH2), 2.92 (septet, 3H, p-
CHMe2), 2.76 (septet, 3H, p-CHMe2), 1.28 (d, 18H, p-CHMe2 ), 1.11 (d, 36H, o-CIHMe2).
13C{'H} NMR (CDCl 3) 6 149.6, 149.3, 129.2, 128.9, 127.1, 120.6, 109.1, 108.0, 49.2, 34.6, 30.8,
24.9, 24.2. HR-MS (EI) 861.6737 ([M+H]*, calcd 861.6769), 282.2222 ([2-Trip-pyrrole-CH2'],
calcd 282.2222).
H3[Ar F3TPA] (1c). A 250 mL flask was charged with 2-ArF-pyrrole (10.0 g, 36 mmol), NH4 Cl
(0.331 g, 12 mmol, sublimed), and formaldehyde (2.95 mL of 37% solution in water, 36 mmol)
and 40 mL of 70% 2-propanol. The mixture was stirred and heated at 60 'C in an oil bath for 5
hours. All volatiles were then removed in vacuo and to the residue were added 30 mL of ether,
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30 mL of THF, and 30 mL of NaOH (10%). The ethereal layer was separated and the aqueous
layer was extracted 3 x 30 mL of Et20. The combined organic layers were dried over MgSO4.
All volatiles were removed in vacuo and the crude off-white product was washed copiously with
n-hexane and dried in vacuo (8.45 g, 80%). 'H NMR (CDCl 3): 6 8.29 (s, 3H, NH), 7.02 (br, 9H,
ArF.-H), 6.58 (m, 3H, pyr), 6.24 (m, 3H, pyr), 3.85 (s, 6 H, CH 2). 13C{1H} NMR (CDCl3) 6138.9,
132.9, 132.1 (JCF = 33.4 Hz, Ca,yrCF3), 129.7, 123.4 (JCF 272.9 Hz, CF3), 123.0, 119.3, 110.5,
108.5, 52.4(CH2). 19F (CDCl3) 6 -63.18. HR-MS (EI) 891.1802 ([M+H]*, calcd 891.1794),
292.0564 ([2-ArF-pyrrole-CH 2'], calcd 292.0561).
MoCl[Trip3TPA] (2). H3[Trip3TPA] (0.4 g, 0.46 mmol) and MoCl4(THF)2 (0.174 g, 0.45
mmol) dissolved in 5 mL THF and allowed to stir for 1 hour over which time the mixture
became homogenous. LiN(TMS)2 (0.233 g, 1.38 mmol) was added in small portions over the
course of 5 minutes and the solution became dark orange-red and the resulting solution was
allowed stir at room temperature. After 2 hours, all components volatiles were removed in vacuo
and the resulting oil was extracted with 10 mL of pentane. The pentane solution was the filtered
through diatomaceous earth. The product crystallized over the course of 8 weeks from saturated
pentane solution at -30 'C (0.063 g, 14%). 'H NMR (C6D6) 6 26.01 (br, 6H), 6.25 (app. s, 6H),
3.05 (app. s, 9H), 1.25 (br, 54H), -9.65 (br, 3H), -21.50 (app. s, 3H). Magnetic susceptibility
(Evan's method) pe = 2.37 p.B. Air sensitivity and thermal instability of 2 prevented adequate
elemental analysis.
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MoN(NMe 2)-K3-[Ar F3TPA] (3). MoN(NMe 2)3 (0.150 g, 0.62 mmol) and H3 [ArF3 TPA] (0.557 g,
0.62 mmol) were weighed and dissolved in 5 mL of dichloromethane. The color changed
immediately to vibrant red and dimethylamine was evolved. The solution was allowed to stir at
room temperature for 1 hour and then the volume was reduced to a minimum. The concentrated
solution was layered with several portions of pentane and stored at -30 'C giving
MoN(NMe2)[ -Ar F3TPA] in 95% yield (0.620 g, 0.59 mmol, 2 Crops). 'H NMR (THF-ds) 6
10.98(s, 1H, NH), 8.27 (s, 4H., ArF-H coordinated), 8.17 (s, 2H, Ar F-H uncoordinated), 7.81 (s,
1H, ArF-H uncoordinated), 7.78(s, 2H, Ar -H coordinated), 6.91 (m, 1H, uncoordinated pyr),
6.41 (m, 2H, coordinated pyr), 6.41 (m, 1H, uncoordinated pyr), 6.26 (m, 2H, coordinated pyr),
5.03 (s, 2 H, uncoordinated CH 2), 4.52 (d, 2 H, JCH = 14.7 Hz, coordinated CH2 ), 3.97 (d, 2 H,
JCH = 14.7 Hz, coordinated CH2 ), 3.32 (s, 3H, NMe2 ), 2.55 (s, 3H, NMe2). 13C{lH} NMR
(CD 2Cl2) 6 140.2, 139.4, 139.2, 134.7, 132.8 (q, JCF= 34.4), 132.2 (q, JCF= 32.8), 131.6, 127.3,
126.7, 124.1 (q, JCF= 272.6), 124.0, 123.9 (q, JCF = 272.1), 120.1, 119.3, 115.8, 114.7, 109.9,
108.9, 65.7, 58.4, 56.7, 48.0. 19F NMR (THF-d8) 6 -63.24 (s, 12F, coordinated ArF), -63.41 (s,
6F, uncoordinated ArF). Anal. calcd for C4 1H28Fi 8N 6Mo: C, 47.23; H, 2.71; N, 8.06%. Found:
C, 47.39; H, 2.77; N, 8.00%.
Mo(NMe 2)2-K3-[Ar F3TPA] (4). Mo(NMe 2)4 (0.100 g, 0.62 mmol) and H3[Ar 3TPA] (0.557 g,
0.62 mmol) were weighed and dissolved in 5 mL of dichloromethane. The color changed
immediately to vibrant red and dimethylamine was evolved. The solution was allowed to stir at
room temperature for 1 hour and then the volume was reduced to a minimum. The concentrated
solution was layered with several portions of pentane and stored at -30 'C giving
MoN(NMe 2)[K3-ArF3TPA] in 95% yield (0.620 g, 0.59 mmol, 2 Crops). 1H NMR (CD 2Cl 2) 6
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8.26 (br, 4H), 7.83 (br, 4H), 7.70 (br, 4H), 7.19 (multiplet, 6H), 6.81 (br, 4H), 6.34 (br, 2H), 2.43
(s, 4H), -2.63 (br, 6H, NMe2). 19F NMR (CD 2Cl2) 6 -63.13 (s, 6F, uncoordinated ArF),-63.4(s,
12F, coordinated ArF). Anal. caled for C43H34N6Fi 8Mo: C, 48.15; H, 3.19; N, 7.83%. Found: C,
48.08; H, 3.15; N, 7.87%.
Zr(NMe2)(NHMe 2)[Ar F3TPA] (5). Zr(NMe 2)4 (0.190 g, 0.535 mmol) and H3[ArF3TPA] (0.557
g, 0.561 mmol) were weighed and dissolved in 5 mL of dichloromethane. Dimethylamine
evolved immediately. The solution was allowed to stir at room temperature for 1 hour and then
the volume was reduced to a minimum. The concentrated solution was then layered with several
portions of pentane and stored at -30 'C giving 8 in 87% yield (0.496 g, 0.464 mmol). I H NMR
(CD 2 Cl2 ) 6 7.69 (s, 6H, ArF-H), 7.65 (s, 3H, ArF-H), 6.37 (d, 3H, JHH= 3.26 Hz), 6.24 (d, 3H,
JHH = 3.26 Hz), 4.44 (s, 6 H, NCH2), 1.88 (s, 6H, NMe2), 1.63 (s, 6H, NHMe2), 1.40 (s, 1H,
NHMe2). 1'C{'H} NMR (CD 2Cl2 ) 6 140.2, 139.2, 138.0, 132.0 (q, JCF= 32.8 Hz), 127.7, 123.9
(q, JCF= 272.9 Hz), 120.6, 115.3, 109.2, 55.6, 43.9, 39.4. 19F NMR (CD 2Cl2) -63.11 (s). Anal.
calcd for C43H34Fi8N6Zr: C, 48.36; H, 3.21; N, 7.87%. Found: C, 48.22; H, 3.31; N, 7.80%.
Hf(NMe 2)(NHMe 2)[Ar F3TPA] (6). Hf(NMe2)4 (0.190 g, 0.536 mmol) and H3 ArF3TPA] (0.557
g, 0.561 mmol) were weighed and dissolved in 5 mL of dichloromethane. Dimethylamine
evolved immediately. The solution was allowed to stir at room temperature for 1 hour and then
the volume was reduced to a minimum. The concentrated solution was then layered with several
portions of pentane and stored at -30 *C giving 8 in 85% yield (0.526 g, 0.456 mmol). 'H NMR
(CD 2Cl2) 6 7.68(s, 6H, ArF-H), 7.64 (s, 3H, ArF-H), 6.34 (d, 3H, JHH= 2.9 Hz), 6.26 (d, 3H, JHH
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= 2.9 Hz), 4.45 (s, 6 H, NCH2), 1.91 (s, 6H, NMe2), 1.64 (d, 6H, NHMe2, JHH = 6.0 Hz), 1.40 (q,
1H, NHMe2, JHH= 6.0 Hz). "C{lH} NMR (CD 2Cl2) 6 140.0, 139.5, 138.7, 132.0 (q, JCF= 33.3
Hz), 127.8, 123.9 (q, JCF = 272.7 Hz), 120.4, 116.1, 109.3, 55.3, 44.3, 39.3. 19F NMR (CD 2 Cl2) -
63.09 (s). Anal. calcd for C43H34Fi 8N6Hf: C, 44.71; H, 2.97; N, 7.27%. Found: C, 44.56; H,
3.02; N, 7.20%.
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Table 4.1. Crystal data and structure refinement for 2.
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
07047
MoC 65H93ClN 4
1061.82
90(2) K
0.71073 A
Monoclinic
P2(1)/n
a = 10.310(4) A
b = 26.706(10) A
c = 22.293(8) A
6005(4) A3
a = 900
p = 101.944(7)0
y = 900
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 24.71 0
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
1.175 Mg/m 3
0.304 mm-1
2280
0.20 x 0.05 x 0.05 mm3
1.53 to 24.710
-12<=h<=12, -31<=k<=31, -26<=l<=26
89018
10235 [R(int) = 0.1233]
100.0%
Semi-empirical
0.9850 and 0.9417
Full-matrix least-squares on F2
10235 / 0 / 646
1.060
R1 = 0.0513, wR2 = 0.1178
RI = 0.0801, wR2 = 0.1315
1.104 and -0.576 e.A-3
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Table 4.2. Crystal data and structure refinement for 3.
Identification code 07097
Empirical formula MoC 42H30 Cl2F18N6
Formula weight 1127.56
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 12.762(4) A
b = 23.482(8) A
c = 16.838(6) A
Volume 4676(3) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.57'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 900
p = 112.086(5)0
7= 900
1.602 Mg/m3
0.505 mm-1
2248
0.40 x 0.10 x 0.10 mm 3
1.72 to 29.57'
-17<=h<=16, -32<=k<=32, -23<=l<=23
102884
13129 [R(int)= 0.0622]
100.0%
Semi-empirical
0.9512 and 0.8236
Full-matrix least-squares on F2
13129 / 152 / 663
1.037
RI = 0.0512, wR2 = 0.1299
RI = 0.0719, wR2 = 0.1458
1.362 and -1.147 e.A-3
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Table 4.3. Crystal data and structure refinement for 4.
Identification code 07102
Empirical formula MoC 48H36F1 Ns
Formula weight 1120.76
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P1
Unit cell dimensions a= 12.7125(10)
b = 12.7513(10)
c = 16.955(2) A
Volume 2404.7(4) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 26.370
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 98.466(2)'
p = 106.561(2)0
y= 108.8530(10)0
1.548 Mg/m 3
0.383 mm-1
1126
0.15 x 0.10 x 0.05 mm 3
1.30 to 26.37'
-15<=h<=15, -15<=k<=15, -21<=l<=21
36297
9825 [R(int) = 0.0523]
100.0 %
Semi-empirical
0.9811 and 0.9448
Full-matrix least-squares on F2
9825 / 223 / 699
1.033
R1 = 0.0479, wR2 = 0.1122
RI = 0.0661, wR2 = 0.1229
0.860 and -0.667 e.A-3
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Table 4.4. Crystal data and structure refinement for 5(CH 2Cl2)2 .
Identification code 07101
Empirical formula ZrC43 H40Cl2Fi 8N6
Formula weight 1144.93
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 16.3812(14) A
b = 17.2603(14) A
c = 19.6557(16) A
4853.5(7) A3Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 28.900
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 96.3720(10)0
p = 106.9900(10)0
p = 110.0360(10)0
1.567 Mg/m 3
0.444 mm-1
2304
0.40 x 0.10 x 0.10 mm3
1.11 to 28.900
-22<=h<=22, -23<=k<=23, -26<=l<=26
104396
25524 [R(int) = 0.0462]
99.7 %
Semi-empirical
0.9569 and 0.8423
Full-matrix least-squares on F2
25524 / 108 / 1323
1.037
RI = 0.0519, wR2 = 0.1431
R1 = 0.0760, wR2 = 0.1612
1.608 and -1.118 e.A-3
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CHAPTER 5
Synthesis, Characterization, and Reactivity of Molybdenum Tris(2,S-dimethylpyrrolide)
Portions of this chapter have appeared in print:
Wampler, K. M.; Schrock, R. R. "Molybdenum Tris(2,5-dimethylpyrrolide), a Rare Homoleptic
Molybdenum(III) Monomer" Inorg. Chem. 2008, 47, 10226.
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INTRODUCTION
The pyrrolide anion is isoelectronic with the cyclopentadienide anion and therefore has
been of interest as a supporting ligand in inorganic and organometallic chemistry for some
time.1,2,3,4 A pyrrolide binds most often to a single metal center in either an a1 or n5 fashion,
although several monometallic and bimetallic variations are known. A variety of group IV
species 5 and group V species 6 have been structurally characterized. In contrast, group VI
examples of pyrrolide complexes were relatively rare at the onset of this research (vide infra). It
has been found that Mo7 and W8 bispyrrolide and bis-2,5-dimethylpyrrolide imido alkylidene
complexes can be prepared readily and that they can be converted to bisalkoxide metathesis
catalysts of the type M(NR)(CHR')(OR") 2 upon addition of alcohols or diols. New
monoalkoxide monopyrrolide catalysts of the type M(NR)(CHR')(OR")(pyrrolide) 9 may also be
prepared as well as well-defined silica-supported catalysts.10 It was then considered that
pyrrolides might be potential ligands for preparing homoleptic Mo species (e.g., Mo(pyrrolide) 4
would be analogous to Mo(NMe 2)4 1) that could serve as precursors to other homoleptic species
through protonation of the pyrrolide ligands. In this chapter is reported the facile and high yield
synthesis of monomeric Mo(Me2pyr)3 (Me 2pyr= 2,5-dimethylpyrrolide). Below is a review of
crystallographically characterized group VI pyrrolide complexes. Porphyrin complexes are not
be discussed, but calixpyrrole complexes are.
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REVIEW OF CRYSTALLOGRAPHICALLY CHARACTERIZED GROUP VI
PYRROLIDE COMPLEXES.
Chromium
+ 2 Na(pyr)
CrC12(THF)2  . N ,
-2 NaCi --- Cx,1"
THF, 25 -C
+ 2 Na(Me2Pyr) N
CrCl2(THF)2  2 NC N -Cr---N(5.I.2)
THF, 250 C N
THF OEt2
----------------- Na
N
+4 Na(Me2 Pyr) -Cr-N (5.1.3)
CrC12(THF)2  -2 NaCi N-r-
THF, Et2O, 25 OC
Et20 THF n
Gambarotta has reported the synthesis and solid state structure of the Cr(II) pyrrolide
(pyr) pyridine (Py) complex Cr(i 1 -pyr)2(Py) 3 (Equation 5.I.1).12 This complex assumes an
unusual square-based pyramidal geometry in the solid state, with a pyridine ligand occupying the
axial position and the remaining two pyridines and two ill-pyrrolides defining the basal plane.
The Cr-Npyr was found to be 2.061(4) A. Adjusting the steric parameters by substituting 2,5-
166
dimethylpyrrolide (Me2Pyr) leads to the formation of square planar Cr(Me 2Pyr)2(Py) 2 (Equation
5.1.2). The methyl groups of the Me2Pyr ligands effectively block the axial positions about
chromium and preclude further ligand association. Even with the greater steric bulk conferred
by the Me2Pyr ligand the Cr-Npy, distance was found to be 2.036(1) A. The homoleptic "ate"
complex13 [(rj'-Me 2Pyr)4CrNa2(THF)(Et2O)], has also been disclosed by Gambarotta and
crystallizes as an infinite chain bridged by sodium cations intercalated in the 7r clouds of the
Me2Pyr ligands of [Cr(rj1-Me 2Pyr)4]2- fragment (Equation 5.1.3). As was seen with the two
previously described complexes, the Cr-Npyr distances were found to be -2.08 A.
Li--Ci THF
NLiLiN / CLiC1 .
CrC13(THF) 3 + X X P LX
NLiLi 25 C X r
THF
X = CEt2
Et Et Et Et
-3 LiC1 THF /
Et Et - Et. EtCrC13(THF)2 + Et Et Cr t
Et Et PhMe Et~F
/ NLiLiN 70 OC THF
Et Et Et Et
(5.1.4)
(5.1.5)
Both Floriani and Gambarotta have reported chromium complexes of multipyrrolide
ligands. Addition of CrCl 3(THF) 3 to tetralithiated octaethylcalix[4]pyrrole (OECP) results in the
formation of the "ate" complex13 [Li 2(THF)2][CrCl(THF)(OECP)] in which the lithium atoms
are both coordinated by tetrahydrofuran ligands and the a system of the OECP ligand (Equation
5.I.4).14 If the reaction is carried out with the partially solvated CrCl3(THF)2 at 70 'C, the OECP
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tetraanion undergoes a two-electron oxidation with loss of a peripheral ethyl group to afford a
meso-heptaethyl hemiporphyrin-hemiporphyrinogen Cr(III) complex (Equation 5.1.5).
Gambarotta has shown that reaction of tetralithiated OECP or octaisopropylcalix[4]pyrrole
(OICP) with CrCl2(THF) 2 yields [Li2(THF)4][Cr(OECP)] and [Li2(THF)2][Cr(OICP)],
respectively.' 5 The lithium catons are coordinated to residual tetrahydrofuran molecules and the'
a-system of the calixpyrrole. These complexes react with N2 0 or 02 in toluene solution to give
Cr(IV) oxo complexes [Li2(THF)2] [Cr(O)(THF)(L)] (L = OECP or OICP). When a THF
solution is exposed to N20 or 02 the only isolable product is the Cr(III) complex
[Li(THF) 4][Cr(THF) 2(L)] (L = OECP or OICP).
Ph Ph
Ph Ph Me PhPh NMeN 
\CrC13(THF) 3  + 2 Cr '5
- Ph / ,t (5.1.6)
CNK KN 3 -1'FF Ph\\" N
Ph Ph Me Ph Ph Cr
N + 2 Py N N (5.I.7)CrC12(THF)2 + -2 KC' Me
\NK KN / 3 THF Ph N Ph
Ph Ph
Li(THF)3
Ph Ph Me PhPh Cl
N THF
CrC12(THF) 2 + - 2 l N-Cr-N (5.I.8)\ / -2 LiCI_ Me (5.)
\NLi LiN/ Ph N
P N Ph
Ph Ph
Gambarotta has also explored the coordination chemistry of chromium with 2,5-
bis(diphenyl(1H-pyrrol-2-yl)methyl)-1-methylpyrrole (N-Me,tripyrr).16 This ligand was
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explored because it was possible that the alkylated central pyrrole ring could be forced into a a-
bonding role with the metal due to their close proximity. Reaction of CrCl3(THF) 3 with K2(N-
Me,tripyrr) yields CrCl(rj I,1 ,9 1-N-Metripyrr) (Equation 5.1.6). The chromium rl'-pyrrolide
distances are shorter than those described previously in this review, at 1.957(4) and 1.981(3) A.
The average chromium Tj -pyrrole distance is 2.33 A, which is 0.13 A longer than that found in
the Cr0 15-pyrrole complex, (ri5-1 ,2,3,4,5-Me5pyrrole)Cr(CO) 3.17 Cr(II) N-Me,tripyrr complexes
were prepared by reaction of either K2(N-Me,tripyrr) or Li2(N-Me,tripyrr) with CrCl2(THF)2.
When the potassium salt was utilized, the resulting square planar complex, Cr('IJ'-N-
Me,tripyrr)Py 2, was isolated by addition of pyridine, as the bistetrahydrofuran adduct was not
crystalline (Equation 5.1.7). The Cr-Npy, distance was found to be 2.093(3) A, whereas the Cr-
Npy distance was 2.158(3) A. Employing the dilithium salt of N-Me,tripyrr rather than the
potassium salt led to the formation of the "ate" complex (i1 1,jr-N-Me,tripyrr)Cr(u-
Cl)Li(THF) 3, in which the methylate nitrogen of the central pyrrole ring binds to chromium
(Equation 5.1.8). The chromium pyrrolide-nitrogen bond length is 2.05(1) A, whereas the
chromium N-methylpyrrole nitrogen distance is 2.24(1) A. This distance is similar to that seen
in CrCl(TI1 ,1 5 ,1 '-N-Me,tripyrr) where the entire pyrrole ring is a-bound to the metal center
(2.194(3) A). These chromium N-Me,tripyrr compounds are catalysts for ethylene
oligomerization upon activation with methylaluminoxane (MAO). The Cr(II) N-Me,tripyrr
complexes showed a marked increase in activity with respect to the trivalent complex,
CrCl(rj',j 5,jl'-N-Me,tripyrr).
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Li Li N
Cr(N-t-Bu) 2Br 2Py + N2Nt- C N 2 (5.I.9)
N
The Cr(IV) NN-di-(pyrrolyl-a-methyl)-N-methylamine (dpma) complex, Cr(N-t-
Bu)2(dpma), has been prepared via salt metathesis of Li(dpma) with Cr(N-t-Bu) 2Br2Py (Equation
5.I.9).18 The geometry about chromium is best described as trigonal bipyramidal, with one imido
ligand occupying the axial position and the other an equatorial site. The average Cr-Npyr bond
length is 1.996 A. The axial imido M-N(imido)-C bond angle of 151.10(16)0 is significantly
smaller than the angle of 175.28(16)0 that is found for the equatorial imido ligand. 'H, 13C, and
14N NMR spectra indicate that the axial (bent) imido appears to be more electron-rich than the
equatorial (linear) imido. The angular deformation energy for the axial imido ligand was studied
computationally (DFT). The energy associated with straightening the axial imido ligand, while
holding the remainder of the molecule at the ground-state geometry, was calculated to be 4.5
kcal/mol.
Li N'Ar
2N Ar
:? i,,, N(5.I.10)
CrC12(THF)2  -2 LiC
- 2 iCI ::zNN\
THF, -78 C V
Ar
Li' Ar THF4 THF
2 N , /Li Me Ar
Cl Cl ArC13THF)3N \ /1 Cl ClAr + A1Me 3  rCrCl3 (THF) 3  - LiCI %,.Cr -- N 
-AlMe2Cl N ( N
THF, -78 OC 1 N jYN-.. - LiCl vN N r
Ar
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Gibson has reported that reaction of a lithio 2-imino-pyrrolide with CrCl2(THF)2 yields
the homoleptic complex Cr(ArPI) (ArPI = 2,6-diisopropylphenyliminomethyl-pyrrolide)
(Equation 5.I.10).19 The ArPI ligands are symmetrically bound as evidenced by average
chromium nitrogen bond lengths being ~2.077 A. Reaction of two equivalents of Li(ArPI) with
CrCl3(THF) 3 yields the "ate" complex (ArPI)2Cr(u-Cl 2)Li(THF) 2 (Equation 5.1.11). The
geometry about chromium is distorted-octahedral in nature, with one chloride ligand being trans
to a pyrrolide nitrogen and the other chloride ligand being trans to a imine nitrogen. The ArPI
ligands are not symmetrically bound (Cr-Npyr(av) = 2.00 A; Cr-Nimine(av) = 2.17 A). This "ate"
complex can be converted into a methyl complex, CrMe(ArPI) 2 by addition of AlMe 3. The
geometry of CrMe(ArPI) 2 in the solid state is square pyramidal with the ArPI ligands defining
the basal plane and the methyl ligand occupying the axial position. The ArPI ligands are nearly
symmetrically bound (Cr-Npy, = 2.027(4) A; Cr-Nimine(av) = 2.072(4) A). Both Cr(III)
complexes are catalysts for ethylene polymerization upon activation with Et2AlCl.
Ar Ar
Nr I N r \H-- -- lCH N s % (5.1.12)
N N CrC13(THF)3  2TMS ' No.Cr"I N LiCI Tl THF, 25 OC T 4 *0,\/THFc C, HF NTHF9 25 OCHFTF25CF 
N N N
Ar Ar Nr
Likewise, Theopold has explored the coordination chemistry of a 2,5-diiminopyrrolide
ligand with chromium. Reaction of lithio-2,5-bis(2,6-diisopropylphenyliminomethyl)pyrrole
(ArPDI) with CrCl3(THF)3 leads to the isolation of (k-ArPDI)CrCl2(THF)2 (Equation 5.1.12).
The reason for only one "arm" of the ligand coordinating was attributed to the small ionic radius
of Cr(III). The geometry in the solid state is pseudo-octahedral with the two tetrahydrofuran
ligands adopting a trans orientation. The Cr-Npyr bond length is 2.064(3) A, whereas the Cr-
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Nimine bond length is 2.284(2) A. Upon activation with EtAlCl2 , (K2-ArPDI)CrCl2(THF)2 is a
catalyst for ethylene polymerization. Addition of trimethylsilylmethyllithium to (K2-
ArPDI)CrCl 2(THF)2 leads not to alkylation, but rather reduction to Cr(II), yielding sub-
stoichiometric amounts of ( 2-ArPDI)(Ki-ArPDI)Cr(THF) through an unknown process
(Equation 5.1.12). The complex adopts a square planar geometry and the K2-ArPDI ligand is
nearly symmetrically bound (Cr-Npyr = 2.070(2) A; C-Nimine = 2.107(2)). The K'-ArPDI
pyrrolide is trans to the tetrahydrofuran ligand and its bond to the chromium center is 2.033(2) A
long.
Li ~ Me2F ;
1 iNMe2  THF N/, I NMe2
CrBr3(THF) 3 + 3 N 3 LiBr N NMe2  (5..13)
The homoleptic Cr(III) complex, Cr(PMDMA) ('MDMA) pyrrolyl-a-methyl-NN-
dimethylamine),' is obtained by reaction of CrBr 3(THF)3 with three equivalents of lithium
(PMDMA) (Equation 5.1.13). The x-ray crystal structure of this complex revealed a distorted
octahedral environment about the chromium center and afac arrangement of the ligands. The
average Cr-Npyr bond length was found to be 1.968 A.
Si N
2 CrC13(THF)3 + 2 Hpyr + 2 C2(TMS) 2 xs AEt3 Cr (5..14)
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The non-selective single site ethylene oligomerization catalyst, [{Cr(j 5 -
C4H4NAlEt 3)}2{u2 1112-C2(SiMe 3)2}2], is obtained by combination of CrCl3(THF)3, pyrrole,
bis(trimethylsilyl)acetylene, and excess triethylaluminum in 38% yield (Equation 5.1.14).2 The
authors assign the oxidation state of the chromium centers to be +3, and explain the lack of
paramagnetism as arising from the short Cr*'Cr distance of 2.2993(7) A. The solid state
structure consists of a symmetry-generated dimer. Each chromium atom is 2-bonded to a
pyrrolyl(AlEt3) anion. The average chromium pyrrolyl bond length is 2.269 A. The bridging
interaction between the two monomers is facilitated by the two alkyne ligands, which are p2 2_
side-on bonded to both metal centers.
Molybdenum
NLlMe2  Et Et
N N N +Mo(NMeA) + l'NXC - Me2N-.~(4, M 1 MeN2  NKN (5.1.15)
IV N---' NMe2
Reaction of NN-di-(pyrrolyl-a-methyl)-N-methylamine (dpma) with Mo(NMe 2)4 leads to
the liberation of one equivalent of dimethylamine and the complex Mo(NMe2)(HNMe 2)(dpma)
(Equation 5.1.15) by means of protonolysis. 23 This complex has a triplet ground state, unlike the
starting material, Mo(NMe2)4, which has a singlet ground state. The difference in multiplicity
was attributed to the lowered a-basicity of the pyrrolide ligand versus a dimethylamide ligand.
Mo(NMe 2)(HNMe 2)(dpma) has a distorted octahedral geometry in the solid state with a mer
orientation of the dpma ligand and a trans arrangement of the dimethylamide ligands. The
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average Mo-Npyr bond length is 2.135 A, whereas the average Mo-Naide bond length is 2.00 A.
This difference in bond lengths is attributable to dimethylamide ligands being better at 7t-
bonding than pyrrolide ligands. 3-Hexyne inserts into the Mo-Naide bond of
Mo(NMe2)(HNMe 2)(dpma) forming a C-N bond in the resulting complex Mo(NMe2)[I -
C(Et)NC(Et)NMe 2-C,N](dpma) (Equation 5.1.15). The formation of this complex most likely
proceeds through displacement of the dimethylamine ligand with alkyne followed by
intramolecular attack of the coordinated alkyne by means of a nucleophilic dimethylamide
ligand. The solid state geometry of Mo(NMe2) [T] -C(Et)NC(Et)NMe 2-C,N](dpma) is highly
distorted octahedral, and the dpma ligand assumes mer coordination to molybdenum. The
average molybdenum pyrrolide nitrogen distance is 2.111 A , which is similar to that found in
the starting material Mo(NMe2)(HNMe 2)(dpma).
R
Li Li N
Mo(NR)Cl 2(DME) + N N (5.I.16)\ IiC NI /M
R =t-Bu, Ar -DME /-N~
- N
Odom has prepared molybdenum diimido dpma complexes via salt metathesis of
Li2dpma with Mo(NR)2Cl 2(DME) (R = t-Bu or Ar) (Equation 5.I.16). 18 These complexes both
adopt a trigonal bipyramidal geometry in the solid state with one imido ligand occupying an
axial position and the other in the equatorial plane. The average molybdenum pyrrolide nitrogen
bond length is 2.07 A. The axial imido ligand is bent (Mo-Nimide-C ~ 1560) and the equatorial
imide ligand is near linear (Mo-Nimide-C ~ 1730). Multinuclear NMR spectra (1H, 13 C, 14N)
suggest that the axial (bent) imido is more electron-rich than the equatorial (linear) imido. The
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energy associated with straightening the axial imido ligand, while holding the remainder of the
molecule at the ground-state geometry, was calculated to be 2.7 kcal/mol by DFT calculations.
Li " NMe2
N
N N
Mo(NAr)C12(DME) CI """ o NC R-"" LiRNEt2O, -78 OC "Mo-N - iCi MO_-N
/ N' Et20, -78 OC N (5.1.17)
NMe2  C NMe2
Addition of one equivalent of Li(PMDMA) to Mo(NAr) 2Cl 2(DME) in diethyl ether
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solution results in the formation of Mo(NAr) 2(PMDMA)Cl (Equation 5.1.17). A single crystal
x-ray diffraction experiment showed that the complex has a geometry best described as trigonal
bipyramidal with one imide ligand and the dimethylamino at the axial positions. The axial imide
ligand is near linear (Mo-Nimide-C = 171.1(2)0), whereas the equatorial imide ligand is quite bent
(Mo-Nimide-C = 147.6(2)0). The authors ascribe this bending as resulting to alleviate steric
interactions. The Mo-Npyr bond length is 2.066(2) A. Reaction of Mo(NAr)2(PMDMA)Cl with
methyllithium or n-butyllithium results in the formation of the corresponding alkyl complexes,
Mo(NAr)2(PMDMA)R, in good yield (Equation 5.1.17). These dialkyl complexes are nearly
isostructural with their chloride precursor.
Me Me
(THF)3K---O {)NK KIN
THF 'Nw Mo Mo (5.I.18)
M o 2(O A c )4  + 2 : -2ZK O.c
NPTHF N N
P' Php LbI l
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Et Et Et Et [Li(THF) 4]2
-i-
N N N
(Et2O)4Li4Mo 2Me8 + 4 -8 4 , Mo O-8 CH 4
Et Et N N N N
Li-
Et Et Et Et (5.1.19)
Gambarotta has reported that reaction of the dipotassium salt of
diphenyldipyrrolylmethane with Mo 2(OAc) 4 yields the structurally complex, diamagnetic
complex [Ph2C(C4H3N)212Mo2(OAc) 2[K(THF) 3][K(THF)] (Equation 5.1.18).2 The structure of
this compound consists of two molybdenum atoms linked by two acetates that adopted the usual
pu-K2-binding mode. Each Mo atom is ligated by one dipyrrolide dianion that acts as a regular
chelating and bidentate ligand with the two N atoms a-bonded to the metal. The coordination
geometry around each Mo atom can be regarded as distorted square pyramidal. The two 0 and
two N atoms of the ligand system define the basal plane and the second Mo atom occupies the
axial position. Two potassium atoms also are part of the structure and show completely different
coordination environments. Conversely, reaction of diethyldipyrrolylmethane with
(Et2O) 4Li4Mo 2Me8 results in the evolution of eight equivalents of methane and the formation of
the paramagnetic, dinuclear complex [Li(THF) 4]2[Et 2C(C 4H3N)2]4Mo2Li2] (Equation 5.1.19).
The solid state structure of this complex shows that each molybdenum atom assumes distorted
trigonal bipyramidal geometry with the other molybdenum atom occupying a position in the
equatorial plane. The other coordination sites of the trigonal bipyramid are inhabited by the
pyrrolide nitrogen atoms. The paramagnetism arises from the 450 rotation of the two
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Mo(dipyrrolide) units with respect to each other. The authors suggested that this orientation is
stabilized by the presence of two interstitial lithium cations in the molecular structure.
ONON I ON N
Mo
+ 2 Napyr Mo
IN I \N\ - 2 NaI N N (5.1.20)
N N N THF \IB~~ N" N.,\
HH
H
Reaction of Mo[HB(3,5-Me 2pz) 3](NO)12 with two equivalents of pyrrolyl sodium yields
Mo[HB(3,5-Me 2pz) 3](NO)(pyr) 2 (Equation 5.1.20).26 An x-ray structural analysis showed that
the complex assumes a pseudo-octahedral geometry and the trispyrazolylborate ligand assumes
the expectedfac orientation. The two Mo-Npyr distances are 2.045 A and 1.982 A. The value of
1.982 A is the shortest transition metal-Npyrro1i1 distance reported and reason for the very short
Mo - Npyrroiyi distance is not clear.
i-Pr ''i-Pr
i-Pr '"'i-Pr 
--4 Li(pyr) PhMe2C M4----N NiNOTf - 4 LiOTf N (5.I.21)
2 MeO-M- CMe2Ph Et20, - 30 0C N /~~~~ N
TfO I PhMe2C N -Pr
OMe 
i-Pr~l
Our group has been exploring molybdenum imido alkylidene complexes that may be used
for the in situ generation of molybdenum olefin metathesis catalysts upon reaction with an
alcohol, phenol, or diol. It was found that Mo(NR)(CHCMe 2R')(pyr)2 species could be prepared
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in high yields and that they would react with alcohols, phenols, and diols to give bisalkoxide
metathesis catalysts. 7  A x-ray structural study of Mo(NAr)(CHCMe 2Ph)(pyr)2 (Ar = 2,6-i-
Pr2 C6H3) showed it to be an asymmetric dimer (Equation 5.1.21), {Mo(NAr)(CHCMe 2Ph)(j 5 -
pyr)(g I-pyr)} {Mo(NAr)(CHCMe 2Ph)(i1-pyr)2}, in which the nitrogen in the 5-pyrrolyl is acting
as a Lewis base to other molybdenum center.7 In solution the complex is highly fluxional, and a
variable temperature 'H NMR study indicated that this fluxionality arises from monomer-dimer
equilibrium. Accessibility to intermediate Mo(NAr)(CHCMe 2Ph)(rj'-pyr) 2 as part of the
fluxional process is proposed to be -the reason why {Mo(NAr)(CHCMe 2Ph)(q5 -pyr)(rij-
pyr)} {Mo(NAr)(CHCMe 2Ph)(ij1-pyr)2} reacts readily with alcohols to give monoalkoxide and
bisalkoxide species. It is proposed that the alcohol coordinates to an electron deficient metal
center before a proton transfers to a pyrrolide ligand. Mo(NAd)(CHCMe 2Ph)(pyr)2 reacts with
excess trimethylphosphine to yield Mo(NAd)(CHCMe 2Ph)(a1-pyr) 2(PMe3). The complex is
trigonal bipyramidal in the solid state with the imide, alkylidene, and one pyrrolide comprising
the equatorial plane and the trimethylphosphine ligand and other pyrrolide ligand occupying the
axial positions. Mo(NAr)(CHCMe 2Ph)(pyr)2 also reacts with one equivalent of tri-tert-
butylsilanol to give the monopyrrolide monosiloxide complex
Mo(NAr)(CHCMe 2Ph)(pyr)[OSi(t-Bu)3], which has been structurally characterized.27 The
molybdenum pyrrolide nitrogen bond length was found to be 2.0238(17) A. Addition of one
equivalent of [HNMe 2Ph][BArF4] to "Mo(NAr)(CHCMe 2Ph)(pyr)2" yields fac-
[Mo(NAr)(CHCMe2Ph)(pyr)(THF)3[BArF4], which has been structurally characterized.28
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N 2 Li(Me2Pyr) _ Me NNOTf - 2 LiOTf (5.1.22)
MeO-Mo-- - DME N Mo CMe 2Ph
TfO/ 1 Et20, - 30 COMe Me Me
Me"N Me
Bis(2,5-dimethylpyrrolide) complexes, Mo(NR)(CHCMe 2Ph)(Me2Pyr)2, have also
prepared (Equation 5.1.22) and shown to be precursors to biphenolate and binaphtholate
complexes upon addition of various biphenols or binaphthols. 29 In the case where R = 1-
adamantyl, single crystals suitable for x-ray structural analysis were obtained.30 In the solid state
the complex assumes a piano stool configuration. The i 5-bound Me2Pyr ligand forms the seat of
the piano stool and the other ill-bound Me2Pyr, the imide, and the alkylidene ligands form the
legs. The Mo-'I-pyrrolide bond length is 2.117(3) A and the average Mo-il -pyrrolide distance
is 2.42 A. The analogous complexes Mo(NAr)(CHCMe3)(2,5-Ph2pyr)2,
Mo(NAr)(CHCMe 2Ph)[2,5-(i-Pr)2-Pyr]2, and Mo(NAr)(CHCMe 2Ph)(2,3,4,5-Me4Pyr)2 have been
prepared and their solid state structures shown to be nearly identical to that of
Mo(NAd)(CHCMe 2Ph)(Me2Pyr)2.30  Reaction of Mo(NAr)(CHCMe 2Ph)(Me 2Pyr)2 with
[HNMe 2Ph][BArF4] in the presence of 2,4-lutidine yields [Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(2,4-
lutidine)][BArF4], which has been structurally characterized.28  It has been found that
Mo(NR)(CHCMe 2Ph)(Me 2Pyr)2 complexes react with one equivalent of an alcohol or phenol to
give monoalkoxide(aryloxide) monopyrrolide complexes (MAP),
Mo(NR)(CHCMe 2Ph)(Me2Pyr)(OR'), and several have been structurally characterized.3 1
Reaction of the MAP complex Mo(NAr)(CHCMe2Ph)(Me 2Pyr)(Br2Bitet-TBS) (Br2Bitet-TBS =
[(R)-2'-((di-tert-butyl(phenyl)silyl)oxy)-1,1'-naphthoxide) with ethylene results in the formation
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metallacyclobutane complex
32Mo(NAr)(CH 2CH 2CH2)(Me 2Pyr)(Br2Bitet-TBS) (Equation 5.1.23).
i- i-Pri-r
N / N
LN" o M -CMe 2 Ph + 2C2 H4 N-o
O - H2C=C(H)CMe2Ph B
Br- I Br C6H6 Br
i-Pr //i-Pr
NNOTfM- CMe 2Ph
MeG-Mo=*
OMe
CpMoCl(CO) 2 +
+ 2 Li(2-MesPyr)
-2LiOTf
Et2O, -30 0C
H
i N' Ph THF
Me -LiC1
/iC
i-Prv'i-Pr
Mes N
'N\\'Mo CMe2Ph
Mes
a-OC ,,Mo,%%N
OC' N'
WPh
Bernal has disclosed the solid state structure and absolute configuration of (T,-
C5H5)Mo(CO) 2[C4H3N-CH(=NR*)] ( R* = (S)-CH(CH) 3(C6H5)). 33 The complex is prepared by
addition of the lithiated 2-iminopyrrole to CpMo(CO) 2Cl in tetrahydrofuran (Equation 5.1.23).
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i-Pr (5.1.23)
(5.1.24)
(5.1.25)
bipyramidalof the trigonal
The complex displays a square pyramidal geometry with the cyclopentadienyl ligand occupying
the axial position. The absolute configuration at molybdenum was determined to be R.
OSiMe3
MoO2Cl2(DME) + 2 H N
+ 2 NEt3
- 2 HNEt3 C
THF
The complex MoO2[C4H3N-CH(=NR)] (R = p-trimethylsiloxyphenyl) is prepared by
reaction of MoO2Cl 2(DME) with aryl-substituted 2-iminopyrrole in the presence of triethylamine
(Equation 5.I.24).34 The geometry of the complex is distorted octahedral. The oxo ligands,
which are cis as is expected, are trans to the imine nitrogens, leaving the two pyrrolide nitrogens
trans to one another. The complex could then be converted to a polystyrene supported species
via transesterification of the trimethylsiloxy group of the 2-iminopyrrolide ligand with a silyl-
modified polystyrene.
Me Me
~NLi LiN /
MoOC14 + Me Me THF
Me Me - 3 LiCl
NLiLiN 
- Cl'
Me Me
Me Me
O
Me Mo MeMe -g N M
Me N N Me
Me Me
Floriani has reported that reaction of tetralithiooctamethylcalix[4]pyrrole (Li40MCP)
with MoOCl 4 results in the formation of paramagnetic (pteff = 1.70 FB) [Li(THF) 4] [MoO(OMCP)], in which
the molybdenum center has been formally reduced to the +5 oxidation state (Equation 5.1.25).35 The reason for this reduction is
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(5.1.26)
OSiMe 3
[Li(THF) 4]
(5.1.27)
not known, but the authors acknowledge that reduction of MoOCl4 in ethereal solvents is "quite a
common phenomenon".
Additional molybdenum pyrrolide complexes are presented in this chapter as well as in
Chapter 4 of this work.
Tungsten
Me3P PMe3 Me3P PMe3
C1-W_ Ph +Na(pyr) N-W ~Ph
Me 3 P/ - NaCl Me3p/1 (5.1.28)c THF C
III III0 0
Reaction of the tungsten benzylidyne complex W(CPh)(PMe3)3(CO)C1 with an
equivalent of Na(pyr) in THF yields W(CPh)(PMe 3)3(CO)(pyr) (Equation 5.1.26).36 The solid
state structure of the complex shows that the geometry about tungsten is pseudo-octahedral and
the pyrrolide ligand occupies the position trans to the alkylidyne ligand (CAlkylidyne-W-Npyr =
171.6(3)0), which is as expected. The tungsten pyrrolide nitrogen bond length is very long at
2.238(6) A.
t-Bu
H H N
W(N-t-Bu) 2(HN-t-Bu) 2 + N N N Et2  t-Bu (5.1.29)\~ ~ II \/-H 2N-t-Bu -
Odom has reported that reaction of H2(dpma) with W(N-t-Bu) 2(HN-t-Bu) 2 results in the
formation of W(N-t-Bu) 2(dpma) (Equation 5.I.27).18 This compound is analogous to the
chromium and molybdenum complexes already discussed in this review (vide supra). Like those
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previously described complexes, the geometry about tungsten is roughly that of a trigonal
bipyramid. The axial imide ligand displays a W-Nimide-C angle of 158.2(3)0, whereas the
equatorial imido ligand is much closer to linear (W-Nimide-C = 170.4(3)'). That being said, these
angles are much closer than those reported for the chromium or molybdenum analogues. By
DFT methods, it was shown that it requires 2.0 kcal/mol to straighten the bent imide while
keeping the rest of the molecule static. This is lower than the calculated value for either the
chromium or molybdenum analogue. The average W-Npyr distance was found to be 2.067 A,
identical to the molybdenum analogue.
Et Et
Et Et
NLi LiN /
Et Et THF Et w-N Et
WOCl4 + Et Et - 4 LiC' Et N / N Et (5.1.30)
NLi LiN 1
Et Et
Et Et
Ph
(THF)3Li Et Et (5.1.31)
Et N K N Et + PhC(O)C1 Et
Et ,,I* Et - LiCl a NW :N// N THFN /. N
Et EEt Et ETH
THF
Floriani found that unlike the reaction of MoOCl4 with a lithiated calix[4]pyrrole (vide
supra, Equation 5.1.25), WOCl4 reacts cleanly with Li4(OECP) in THF to give WO(OECP)
(Equation 5.I.28).37 The solid state structure shows that tungsten center assumes the ligand-
enforced square pyramidal geometry with the oxo ligand in the axial position. WO(OECP) may
be reduced to the +5 oxidation state by addition of excess Li4(OECP) to yield (THF)3Li(u-
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O)W(OECP)(THF) (Equation 5.1.29). This anionic oxo complex reacts with benzoyl chloride to
yield W(O 2CPh)(OECP)(THF), in which the acid chloride has been converted to a benzoic acid
ligand.
R R
N N
NOTf' +2 Li(pyr) pyr R (5.I.32)R'~yrR 5..2
MeO-W- - 2 LiOTf MeO--W--
O e PhMe, -30 C
05OMe prOMe
R = Ar, R'= CMe 2Ph
R = Arc', R'= CMe3
R R
2 Li(Me2Pyr) M
OTf -2 LiOTf Me
MeO-W--=R -DME N'-W R'
1O I Et20, - 30 *C
OMe Me
Me N Me
R = Ar, R'= CMe 2Ph
R = Arc', R'= CMe3
As previously mentioned, our group has explored molybdenum imido alkylidene
pyrrolide complexes as in situ precursors to olefin metathesis catalysts. We have also prepared
tungsten imido alkylidene pyrrolide species to serve as precursors to tungsten olefin metathesis
catalysts. Reaction of two equivalents of Li(pyr) with either W(NAr)(CHCMe 2Ph)(OTf)2(DME)
or W(NArcl)(CHCMe 3)(OTf)2(DME) in toluene yields W(NAr)(CHCMe 2Ph)(pyr) 2(DME) and
W(NArci)(CHCMe3)(pyr)2(DME), respectively (Equation 5.1.30), and both species have been
crystallographically characterized.8 Both complexes retain a dimethoxyethane ligand. If the
same reaction is undertaken with a molybdenum analog, the complex is found to be a complex
dimer in the solid state and devoid of ethereal ligands (vide supra, Equation 5.1.21). This is
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attributed to the greater oxophilicity of tungsten, as compared to molybdenum, which makes loss
of the chelating ether ligand disfavored. The solid state structures of the two complexes consist
of a pseudo-octahedral tungsten center with the expected cis orientation of the two a-bound
ligands (imide and alkylidene). The pyrrolide ligands are trans to one another and the average
W-Npyr distance is 2.118 A. The use of the sterically bulkier 2,5-dimethylpyrrolide ligand leads
to the formation of W(NR)(CHR')(Me 2Pyr) (R = Ar, R' = CMe 2Ph; R = Ar c, R' = CMe3) in
which the DME ligand has been lost. The solid state structures of the two complexes reveal a
tungsten center ligands arranged in a piano stool fashion. The average W-j 5 -Me2Pyr distance for
the two complexes is 2.427 A and the average W-rj'-Me 2Pyr nitrogen distance is 2.071 A.
W(ArCi)(CHCMe 3)(Me 2Pyr)2  reacts with [HNMe2Ph][BArF4] to yield
[W(NArci)(CHCMe 3)(Me 2Pyr)(2-H-Me 2Pyr)] [BArF4] in which the a-carbon of a Me2Pyr has
been protonated (Equation 5.1.34). It appears that in certain circumstances attempts to protonate
a pyrrolyl ligand in an imido alkylidene complex to prepared either a bisalkoxide or
monoalkoxide (MAP) species with alcohols or phenols might lead to formation of a pyrrolenine
complex. The unsubstituted metallacyclobutane complex W(NAr)(CH 2CH 2CH2)(pyr)(OHIPT)
(HIPT = 2,6-Trip2C6H3) has been isolated and crystallographically characterized (Equation
5.I.35).38 The geometry of W(NAr)(CH 2CH2CH2)(pyr)(OHIPT) is trigonal bipyramidal which is
analogous to the molybdenum MAP unsubstituted metallacyclobutane described earlier in this
review (vide supra, Equation 5.1.23).
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t-Bu
+ [HNMe2Ph][BArF4]
- Me2 NPh
CH2Cl2, - 30 0C
"'i-Pr
+ 2C2 H4
- H2C=C(H)CMe 2Ph*
C6H6
BArF 4
(5.1.34)
i-Pr
(5.1.35)
Trip,,,, Trip
Li NMe2
+ N EtO
- LiCI
Ph
N
Cl,,,, .1 eCl
N *'I**C I
NMe2
Reaction of W(NPh)Cl4(OEt2) with Li(PMDMA) in diethyl ether solution yields
W(NPh)C13(PMDMA) (Equation 32).39 In the solid state the geometry about tungsten is pseudo-
octahedral. The dimethylamino substituent of the PMDMA ligand is trans to the phenylimido
ligand. The W-Npyr distance was found to be to be quite short at 1.950(10) A.
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(5.1.36)
Trip,,,, Tip
H NMe2
2 W(N-t-Bu) 2(HN-t-Bu) 2 + N
t-Bu t-Bu
N HN-0
02 t-BuN|/
Et20, -78 0C W-O-
NMe2  N NI \
t-Bu t-Bu
The oxo-bridged dinuclear complex (Bu-t-N) 2[r12 -ON(H)-t-Bu]W(p-O)W(N-t-
Bu)2(PMDMA) is prepared by reaction of two equivalents of W(N-t-Bu) 2(HN-t-Bu) 2 with an
equivalent of H(PMDMA) in Et2O at -78 0C (Equation 5.I.33).40 The reaction presumably takes
place under aerobic conditions, and therefore, atmospheric oxygen is the source of the oxygen
atoms incorporated into the final molecule. The solid state structure shows one of the tungsten
centers is ligated by the bidentate PMDMA ligand, two tert-butylimido ligands, and the bridging
oxo moiety. The PMDMA pyrrolide nitrogen, one imide, and the bridging oxo define the
equatorial plane. The other tungsten center is coordinated to two tert-butylimido ligands and an
92 -N,O-tert-butylnitroso ligand. The W-O-W angle was found to be 159.69 (16)0.
RESULTS
187
(5.1.37)
5.1. Synthesis and Characterization of Mo(Me 2Pyr)3.
5.1.1. Synthesis and Structure.
Ni
MoC14(THF) 2 + 4 Li(Me2Pyr) THF, 2CMo (5.1)
-0.5 (Me2pyr)2
1
MoCl 3 (THF)3 + 3 Li(Me 2Pyr) 5)3 C
Addition of four equivalents of Li(Me2Pyr) to a room temperature suspension of
MoCl 4(THF) 2 in THF followed by extraction with toluene and crystallization from a mixture of
ether and pentane at -30 0C gives Mom'(Me 2Pyr)3 in -80 % yield (Equation 5.1). The exact
nature of the process that leads to reduction of Mo(IV) to Mo(III) is not known. It is proposed
that reduction is promoted by a coordinated Me2Pyr anion, leading to formation of a dimer or
polymer of 2,5-dimethylpyrrole, similar to the observed "sterically induced reduction" of
lanthanide pentamethylcyclopentadienide complexes.4 1  Pyrrole is an electron rich
heteroaromatic and is therefore susceptible to oxidation and oxidative polymerization.42
Complex 1 may also be prepared from three equivalents of Li(Me2Pyr) added to a suspension of
MoCl3(THF)3 in THF (Equation 5.2). Containing a Mo(III) center, 1 is necessarily paramagnetic
and shows a solution (C6D6) magnetic moment of 1.70 pB as determined by Evans' method.
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C(13)
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C(111)
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C(341)
C(22)
C(341)
I C(13)
C(22)
Figure 5.1. Solid state structure of 1 (thermal ellipsoids at 50% probability, hydrogen
atoms omitted for clarity.
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Single crystals of 1 suitable for an XRD experiment were obtained from a dilute mixture
of pentane and ether at -30 'C and three views of the resulting solid state structure are shown in
Figure 5.1. Mo(1) is trigonally coordinated (average sum of angles around molybdenum for the
two independent molecules in the asymmetric unit is 3570) with two i 5-bound Me2Pyr ligands
and one ill-bound Me2Pyr ligand. The average Mo- 5 -bound pyrrolide distance is 2.3 A which is
~0.11 A shorter than the only other molybdenum complex containing nc-bound Me2pyr ligand to
be crystallographically characterized, Mo(NAd)(CHCMe 2Ph)(Me2Pyr)2. 30 The average Mo-i'
pyrrolide distance is 2.12 A, which is almost identical to the distance found in the solid state
structure of Mo(NAd)(CHCMe 2Ph)(Me2Pyr)2.3 0
5.1.2. Spectroscopic and Electrochemical Characterization of Mo(Me 2Pyr)3..
Figure 5.2.
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VT IH NMR of t in toluene-d8 solution between -10 and 110 0C.
Scheme 5.1. A proposed mechanism of interconversion of Me2Pyr ligands.
MooN NMoNN - MO"' N-Mo
'H NMR spectra of 1 in C6D6 solution at 20 *C reveal four broad resonances between +60
and -30 ppm in a 4:6:2:12 ratio. Variable temperature 'H NMR of compound 1 in toluene-d
solution between -10 and 110 *C (Figure 5.2) showed sharpening of all resonances, however no
interconversion (Scheme 5.1) of the pyrrolides was observed. Sharpening of the peaks may be
attributed to more facile rotation of the 115-pyrrolides to give time averaged C2v symmetry on the
NMR timescale. The C2v symmetry observed in solution is in opposition to the C2 symmetry of
compound 1 in the solid state.
The experimental and simulated electron paramagnetic resonance (EPR) spectra of
compound 1 recorded in a 2-MeTHF glass at 77 K are shown in Figure 5.3. No signal was
observed at room temperature. The signal is axially symmetric with g, = gy = 1.975 and g2 =
2.448. The spectrum also shows coupling both to molybdenum (AmO = 32.25 G) and one 14N (AN
= 21.35 G), which suggests the unpaired electron resides somewhere in the Mo- 1 ' pyrrolide N
plane. An isotropic spectrum (Figure 5.3, bottom) was obtained for powdered 1 when recorded
at room temperature. The spectrum shows g = 2.1087 and W= 380G.
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Figure 5.3. Solution (top) and solid state (bottom) X-band EPR spectrum of 1.
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Cyclic voltammogram (CV) of 1 in THF (0.25 mM) with [NBu 4]][PF 6]
electrolyte (0.4 M): Complete trace (top), reversible reduction (middle), and irreversible
oxidation (bottom).
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Figure 5.4.
The cyclic voltammogram of 1 (Figure 5.4, top) reveals both cathodic and anodic
processes. The cathodic process, which is shown as a close-up in the middle of Figure 5.4, (E 2
= -1363 mV vs. Ag/Ag*) is nearly reversible with ia/ic = 1.04. This signal is believed to
correspond to the one electron reduction of 1 to give transient [TBA][1]. The anodic process
(Figure 5.4, bottom) centered upon 380 mV (vs. Ag/Ag*) is completely irreversible with ia/ic =
3.47. The irreversibility is consistent with the Me2Pyr ligand apparently not being able to
support a Mo(IV) center, as in Mo(Me2Pyr)4. Therefore, there is a rapid and facile reduction
mediated by the pyrrolide ligand to give a species, such as hypothetical
[Mo(Me2Pyr)2(THF)][PF 6], at the electrode surface.
5.1.3. Computational Analysis of Mo(Me 2Pyr)3.
Figure 5.5. Overlay of experimental (blue) and DFT optimized (red) structures of 1.
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Figure 5.6. Calculated frontier MOs of 1 and their energies.
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In an effort to better understand the electronic structure of 1, quantum chemical
calculations were undertaken. Calculations were performed using the Amsterdam Density
Functional 2008.01 package.43 The initial model used for the geometry optimization was
obtained from the x-ray study. Examination of an overlay of the experimental and DFT
optimized structure of 1 (Figure 5.5) shows that the observed and calculated structures match
quite well. Representations of the six frontier MOs of 1 are shown in Figure 5.6. Visual
inspection of the isosurfaces shows that frontier MO's are mainly metal-based, including the
SOMO which has dx_/ (31%) and dxz (29%) character. Unlike the other frontier molecular
orbitals, the SOMO- 1, which is the highest completely filled orbital, is localized in the 2-system
of the ij'-pyrrolide. Additionally, the SOMO and SOMO-1 differ in energy by only 0.07 eV.
5.2. Reactivity of Mo(Me 2Pyr)3.
5.2.1. Reduction of Mo(Me 2Pyr)3.
N _
1.2 eq. KCs (5.3)
Mo-N THF, 23 MC K . o ,,K W
N 1'
- n
1 2
Inspired by the observed reversibility of the cathodic process in the CV of 1, attempts to
produce a chemically reduced product were undertaken. Addition of a slight excess of KC8 to a
room temperature THF solution of 1 cleanly produces highly moisture and oxygen sensitive,
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diamagnetic K[Mo(Me 2Pyr)3] (2) in 80% yield after crystallization from THF at -30 'C
(Equation 5.3). Several reductants were screened (Cp*2Cr, Na, K, Na/Hg, etc.). It was found
that potassium graphite in THF was the highest yielding condition. ' H and 13C NMR spectra of 2
recorded in THF-d8 solution at 23 'C are consistent with a C2v symmetric species due to rapid
rotation of rj5-Me2Pyr ligands on the NMR time scale. Spectroscopically similar species are also
produced by reacting 1 with alkyllithiums (MeLi, NpLi, or n-BuLi) or lithium amides (LiNMe 2,
LiNPh 2, or LiN(TMS) 2). Complex 2 is completely insoluble in common organic solvents
without added THF. The complex desolvates very rapidly and samples devoid of THF may be
prepared by drying in vacuo. Attempted encapsulation of the potassium ion in 2 with
1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6) led to an intractable mixture. Reaction of
2 with a Lewis acid, such as B(C 6F5)3 or AlCl 3, in order to abstract K(Me2Pyr) led to
decomposition.
X-ray quality crystals of 2 were grown from a 4:1 mixture of toluene:THF at -30 'C and
the polymeric structure is shown in Figure 5.7. Crystals grown from neat THF at 23 'C or -30
'C were found to desolvate too quickly to allow for mounting on the goniometer. The complex
crystallizes in the monoclinic space group P2/n. The asymmetric unit only contains half of the
molecule (Z = 2, Z' = 0.5). Therefore, the polymeric structure depicted in Figure 5.7 was
generated using crystallographic symmetry. The potassium ion is ligated by three molecules of
THF and two 15 -pyrrolide nitrogens. The K-O distances are quite long at -2.7 A, however the K
- N distance of 2.829(4) A is ~0. 15 A shorter than those found in other K-Npyrolyi donor
interactions.4 4 The average Mo-f5-bound pyrrolide distance is 2.28 A which is very similar to
that observed for compound 1. The Mo-i pyrrolide bond length is 0.05 A longer than that
observed in compound 1.
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Figure 5.7. Polymeric structure of 2 with thermal ellipsoids at 50% probability.
atoms omitted for clarity.
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Hydrogen
5.2.2. Protonation of Mo(Me 2Pyr)3
Nj
Mo-N
[H(Et2O) 2][BArT4]
or
[HNMe 2Ph][B(C 6F5)4]
THF, -30 *C
N H
H
Mo-N
Ar = 3,5-(CF 3)2-C6H3, 3a
Ar = C6F5, 3b
Reaction of 1 with one equivalent of either [H(Et20) 2][BArF4] or [HNMe2Ph][B(C 6F5 )4]
at -30 'C in THF solution leads to the isolation of paramagnetic [Mo(Me2Pyr)2(3-H-
Me2Pyr)][BAr4] (Ar = ArF, 3a; Ar = C6F5 , 3b) (Equation 5.4). 'H NMR spectra of the
complexes is consistent with molecules in which there are no local symmetry elements. Peaks
associated with the p5 -bound Me2Pyr ligands have approximately the same chemical shift as that
observed in the starting material, but the peaks associated with ill-bound Me2Pyr ligand are
shifted and broadened. Compounds 3a and 3b have a solution (CD 2Cl2) magnetic moment of
1.72 pB as determined by Evan's method. The magnetic moment is indicative of low-spin
Mo(III). Reaction of 3a or 3b with Lewis bases (PMe3, Py, or CO) or anionic ligands (MeLi or
LiNMe2) to extrude formally neutral dimethylpyrrole led to either decomposition or
deprotonation.
N>? D(EO)][BArF4
H(D)
H(D)Mo-N H(D)
1-BArF4-d1
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(5.4)
E BArF4
(5.5)
A deuterium labeling experiment was performed to aid in positive location of the added
proton. Isotopologue 3a-di may be prepared using [D(Et2O) 2][BArF4] (Equation 5.5). The 2H
NMR spectrum of 3a-di shows two peaks in the ratio 1:2 at 8.30 and 3.34 ppm. These peaks are
observed in the same ratio in the 'H NMR spectrum of 3a. These chemical shifts are consistent
with there being both "olefinic" and "aliphatic" sites that are deuterated, presumably by random
H/D exchange. These "olefinic" and "aliphatic" sites arise from the formation of a coordinated
3H-pyrrole ligand by protonation of the p-carbon of the i-pyrrolide ligand. IR spectra (solution
or mineral oil mull) of 3a reveal no NH stretch (above 3050 cm') or Mo-H stretch between
1500 and 2800 cm' (Figure 5.8). These spectra are essentially identical with those of the
product (3a-di) prepared from 1 and [D(Et 2O) 2][BArF 4]
Figure 5.8. IR spectra of 3a (blue) and 3a-di (red) in a mineral oil mull.
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Figure 5.9. Solid state structure of 3a with thermal ellipsoids at 50% probability. Hydrogen
atoms omitted for clarity. (C = Gray; N = Blue; B = Orange; F = Green; Mo = Purple)
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Figure 5.10. Solid state structure of 3b with thermal ellipsoids at 50% probability. Hydrogen
atoms omitted for clarity. (C = Gray; N = Blue; B = Orange; F = Green; Mo = Purple)
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Figure 5.11. Close-up of il-3-H-Me2Pyr ring of 3b with bond lengths.
The solid state structures of 3a and 3b as determined by single crystal x-ray diffraction
are shown in Figures 5.9 and 5.10. X-ray quality crystals of 3b were grown via diffusion of
pentane into a dichloromethane solution at -30 'C and data was collected at -83 'C due to a
destructive phase transition observed below this temperature. The "Mo(Me 2Pyr)3" framework
observed in the structures of 1 and 2 persists here. The molybdenum center is trigonally ligated
with the sum of the angles equaling exactly 3600 (plane formed by r 5-pyrrolide-Mo centroids
and ill-pyrrolide nitrogen). The Mo-i pyrrolide bond lengths were found to be 2.185(11) A (3a)
and 2.1819(16) A (3b). These values are -0.07 A shorter than that observed for 1. The average
Mo-q 5 pyrrolide bond length is identical to that observed in compound 1. Due a positional
disorder of the ril pyrrolide ligand as well as multiple rotational disorders of the BArF4
trifluoromethyl groups, the proton of interest could not be located in the residual electron density
in the structure of 3a. The refinement of the structure of 3b was superior because it lacked
disorder (RI = 3.0%, wR2 = 7.3%, GooF = 1.061). This allowed for clear observation of the
coordinated 3H-pyrrole ligand that is formed on protonation. The bond lengths (Figure 5.11) of
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the once il-pyrrolide clearly show the loss of aromaticity that results upon protonation. No other
known x-ray structures of complexes containing a 3H-pyrrole ligand have been reported.
Protonation of the a-carbon' 45 may be disfavored because the methyl group on the protonated a-
carbon would then be forced to point toward a r15-pyrrolide ring.8
The solution X-band EPR spectrum of 3 recorded at 77 K in a 2-MeTHF glass is shown
in Figure 8. The spectrum is axially symmetric and is reminiscent of the solution spectrum
obtained for 1 except for the absence of any 5N coupling. Compound 3 shows a coupling to
95Mo/ 7 Mo of 16.41 G and a gaerage of 2.14. Noticeably absent is any coupling to 'H, which
would be expected based on the EPR spectrum observed for Mo(Me2Pyr)3 (1) and the calculated
MOs.
2600 2800 3000 3200 3400 3600
Field (G)
3800
Figure 5.12. Solution X-band EPR spectrum of 3 in 2-MeTHF glass at 77 K.
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The CV trace obtained for 3 may be found in Figure 5.13. Except for an irreversible
reduction at -774 mV (vs. Ag/Ag*) the trace is nearly identical to that obtained for 1. This
irreversible reduction might be attributed to the formal reduction of the added proton to H2 which
would yield Mo(Me2Pyr)3 and [TBA][BArF4]. This proposition accounts for a similar trace
being observed for Mo(Me2Pyr)3 and the protonated complexes 3a and 3b.
0.5 0 -0.5 -1 -1.5 -2
Potential (V)
Figure 5.13. Cyclic voltammogram (CV) of 3a in THF (0.22 mM).
DISCUSSION
The first piece of data that explains the observed reactivity of Mo(Me2Pyr)3 is the lack of
interconversion of i 5-Me2Pyr and 91-Me2Pyr ligands, as observed by variable temperature 1H
NMR spectra (vide supra, Figure 5.2). Mo(Me2Pyr)3 is a 17 e~ complex. Interconversion of the
n-bound and a-bound ligands through some fluxional process would allow access to a 15 or 13 e~
species that could then react with an incoming ligand. There is no interconversion, and therefore
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no reactivity with added ligands. It was thought that reduction of Mo(Me 2Pyr)3 could lead to the
16 e~ compound, Mo"( s-Me2Pyr)2. This species could then react with Lewis bases or other
nucleophilic reagents (e.g. LiNMe2 or MeLi). However, only the "ate" complex
K[Mo(Me 2Pyr)3] (2) was produced. This species did not show any interconversion of the a-
bound and i-bound ligands, and attempts to abstract K(Me 2Pyr) led to decomposition. It was
then of interest to prepare a cationic "Mo"'(T 5-Me2Pyr)2" species that could react with an anionic
ligand and allow access to new complexes. Mo(Me2Pyr)3 does react with strong acids to give a
cationic species, but this species is one in which the 1l'-Me2Pyr is protonated on the p-carbon
(compounds 3a and 3b). Attempts to displace this formal dimethylpyrrole tautomer were
unsuccessful.
The second piece of data that explains the reactivity of Mo(Me2Pyr)3 was found in the
molecular orbital analysis. The SOMO of Mo(Me2Pyr)3 is found to be mainly (-80%) metal
based, whereas the highest fully occupied MO, SOMO-1, is completely ligand-based (2-bonding
of the a and P carbons of thej 1-Me2Pyr ligand). The EPR spectrum of Mo(Me 2Pyr)3, recorded
in a 2-MeTHF glass at 77 K, displays an axially symmetric signal with very similar coupling to
one molybdenum nucleus and one nitrogen nucleus. The axial symmetry is expected from the
observed C2 symmetry of complex 1. The near equal magnitude coupling of the unpaired
electron to the metal center and a single nitrogen is consistent with the unpaired electron's spin
density residing near the a'-Me2Pyr ligand
The cyclic voltammogram of Mo(Me2Pyr)3 shows a reversible reduction centered at -1.4
V (vs. Ag/Age) and an irreversible oxidation at +0.4 V (vs. Ag/Age). Reduction of this species
results in the population of a half filled metal-based non-bonding orbital. This yields a stable 18
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e~ complex, which explains the observed reversibility. The SOMO and SOMO-1 are nearly
isoenergetic (AE = 0.07 eV) and therefore oxidation of Mo(Me2Pyr)3 might result in the removal
of a bonding electron, and therefore lead to the observed decomposition. Betley has shown that
oxidation of a dilithio dipyrrolylmethane results in the formation of a diazacyclopentapentalene,
presumably via radical coupling. (Equation 5.6).46 It is likely that oxidation of the q '-Me 2Pyr of
Mo(Me 2Pyr)3 would result in a similar radical coupling.
2 + 2 AgCL N _N
NLi LiN / - H2(Mes2 dpm (5.6)
-2 LiCl Mes Mes
Mes Mes 
-2 Ag
Li 2(Mes 2dpm)
CONCLUSIONS
To our knowledge no other homoleptic pyrrolide complex of Mo (or W) has been
published. Compound 1 is a member of the very small class of monomeric homoleptic
complexes of Mo(III). Other homoleptic complexes of Mo(III) include several variations of the
extensively studied trigonal planar Mo(NRR')3 species,47 Mo(2,6-dimesitylphenylthiolate)3, 48 in
which one of the mesityl rings is a-bonded to the Mo, and paramagnetic, and likely monomeric
Mo[OSi(t-Bu) 3]3,49 for which no crystals suitable for an X-ray study could be obtained. Mo[N(i-
Pr)2] 3 and Mo[N(SiMe 3)2]3 have been reported, but they were not isolated in pure form, nor has
their monometallic nature been established.50 No W(III) or Cr(III) analogs or variations of 1 are
known. 12
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EXPERIMENTAL
General. All manipulations were performed in oven-dried (150 'C) glassware under an
atmosphere of nitrogen on a Schlenk line or in a Vacuum Atmospheres HE-492 drybox.
Materials. HPLC grade organic solvents were sparged with nitrogen, passed through activated
alumina, and stored over 4 A Linde-type molecular sieves prior to use. Benzene-d, toluene-d8,
and 2-MeTHF were dried over sodium/benzophenone ketyl and distilled in vacuo prior to use.
Dichloromethane-d 2 was dried over CaH2 and vacuum distilled prior to use. MoCl4 (THF) 2,20
MoCl3(THF) 3, 20 and [H(Et2O)2][BArF ]21 were prepared via the published procedures.
Li(Me2Pyr) was prepared by dropwise addition of n-BuLi (1.6 M in hexanes (Strem,
Newburyport, MA)) to a -30 'C ethereal solution of 2,5-dimethylpyrrole (Sigma-Aldrich, St.
Louis, MO). KC8 was prepared by melting potassium metal over graphite under an inert
atmosphere.
Measurements. NMR spectra were recorded on Varian Mercury and Varian INOVA
spectrometers operating at 300 and 500 MHz ('H), respectively. Chemical shifts for 'H and 13C
spectra were referenced to the residual 'H/13 C resonances of the deuterated solvent and are
reported as parts per million relative to tetramethylsilane. 19F NMR spectra were referenced
externally to fluorobenzene (8 = -113.15 ppm upfield of CFC13). Solution magnetic moments
were determined at 298 K in either benzene-d6 (compound 1) or dichloromethane-d2 (compound
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3) with toluene as the internal standard according to the Evans method.5 ' ESR spectra were
recorded on an X-band Bruker EMX spectrometer. WINEPR SimFonia (WINEPR SimFonia,
version 1.25; Bruker Analytische Messtechnik GmbH, Karlsruhe, Germany, 1996.) was
employed to simulate the spectra. For low-temperature EPR simulations, a linear combination of
an anisotropic simulation and an isotropic simulation was employed in order to account for
coupling to both molybdenum and nitrogen. Electrochemical measurements were carried out
using CHI 620C potentiostat, 0.4 M [Bu 4N][PF6]/THF electrolytes, and a standard three-
electrode cell assembly with a glassy carbon (3.0 mm dia) disk working electrodes, a platinum
wire auxiliary electrode, and a reference electrode consisting of a AgCl-coated silver wire
submerged in 0.4 M [Bu4N][PF 6]/THF electrolyte. Elemental analyses were performed by H.
Kolbe Microanalytics Laboratory, M lheim an der Ruhr, Germany or Midwest Microlabs,
Indianapolis, IN.
Crystallography. Low temperature diffraction data were collected on a Siemens Platform three-
circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-
monochromated MoKa radiation () = 0.71073 A), performing rp- and o-scans. All structures
were solved by direct methods using SHELXS52 and refined against F2 on all data by full-matrix
least squares with SHELXL-97. 53 All non-hydrogen atoms were refined anisotropically. Unless
described otherwise, all hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups).
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Synthesis of Mo(Me 2Pyr) (1). To a room temperature suspension of MoCl3(THF) 3 (500 mg, 1.2
mmol) in 10 mL of THF was added Li(Me2Pyr) (373 mg, 3.67 mmol, 3.05 eq.) in one portion.
The mixture was then stirred at room temperature for three hours over which time it became
homogenous and dark orange in color. All volatile components of the reaction mixture were
then removed in vacuo and the remaining solid was extracted with 10 mL of toluene. The
toluene solution was then filtered through a bed of diatomaceous earth and the filter cake was
washed with toluene until the filtrate ran clear. The solvent was then removed under reduced
pressure and the resulting brown solid was washed with 2 x 10 mL of pentane to give a dark
yellow powder. The powder was then crystallized from a mixture of pentane and Et2O at -30 *C
to give 348 mg (76%) of 1 as dark yellow crystals. 'H NMR (C6D6, 298 K) 6 56.93 (4H, rj -
Me2Pyr n-H), 32.14 (6H, il-Me2 Pyr Me), 3.50 (2H, il'-Me2 Pyr p-H), -19.90 (12 H, rj5-Me2Pyr
Me); Jeff (C6D6, 298 K) = 1.70 pLB; X-band ESR (2-MeTHF, 77K) g,= gy = 1.975, gz = 2.448, W,
= W, = 38 G, W = 59 G, Am, (1 95Mo/tMo, I= 5/2, 15.90%/9.60%) = 32.26 G, A N(1 "N, I= 1,
99.64%) = 21.35 G; Anal. calcd for MoCI8 H24N3 : C, 57.14; H, 6.39; N, 11.11, Found: C, 56.96;
H, 6.46; N, 11.04.
Synthesis of K[Mo(Me2Pyr)31 (2). KC8 (65 mg, 0.48 mmol, 1.2 equivalents) was added in one
portion to a stirring THF (3 mL) solution of 1 (150 mg, 0.40 mmol) and the mixture was allowed
to stir at room temperature for 18 hours. The solution was then filtered through diatomaceous
earth, concentrated by half, and stored at -30 'C for two days producing 133 mg (0.32 mmol,
80% yield) of dark red crystals. X-ray quality crystals were grown from a 4:1 mixture of
toluene/THF at -30 0C. 'H NMR (THF-d8 , 298 K) 6 5.49 (s, 2H, ill-Me2 Pyr p-H), 3.58 (s, 4H,
rj5-Me2Pyr p-H), 2.32 (s, 6H, rj -Me2Pyr Me), 1.64 (s, 12H, rj5-Me2Pyr Me); 13C{1H} NMR
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(THF-d8, 298 K) 6 137.79, 112.11, 105.74, 71.25, 21.44, 17,83; Anal. caled for MoC1 8 H2 4N3K:
C, 51.79; H, 5.79; N, 10.07, Found: C, 51.83; H, 5.56; N, 9.75.
Synthesis of [Mo(Me 2pyr)2(3-H-Me 2Pyr)j[BAr F4] (3a). To a -30 'C solution of 1 (100 mg,
0.26 mmol) in 3 mL of THF was added [H(Et2O) 2] [BArF41 (267 mg, 0.27 mmol, 1.01 eq.) in one
portion. The solution was allowed to warm to room temperature and stir for three hours. All
volatile components were then removed in vacuo and the dark yellow solid was extracted with 5
mL of Et2O. The ethereal solution was then filtered through diatomaceous earth, concentrated by
half, layered with an equal volume of pentane, and stored a -30 'C to yield 280 mg (0.22 mmol,
86% yield) of dark yellow microcrystals. X-ray quality crystals were grown from a dilute 50:50
Et2O/pentane solution at -30 0C. 1H NMR (CD 2Cl2, 298 K) 6 52.04 (4H, 115-Me2Pyr p-H), 27.75
(3H, a'-Me2Pyr Me), 16.05 (3H, ill-Me2 Pyr Me), 8.34 (1H, fl-Me2Pyr $-H), 7.71 (s, 8H, BArF4
o-H), 7.57 (s, 4H, BArF 4 p-H), 3.38(1H, rj-Me2Pyr n-H), -11.32 (6H, i5 -Me 2Pyr Me), -12.49
(6H, 115-Me2Pyr Me); 19F {'H} (CD 2Cl2, 298 K) 6 -62.44; peff (CD 2Cl2, 298 K) = 1.72 tB; X-band
ESR (toluene, 77K) g,= gy= 1.981, gz = 2.459, W, = W = 19 G, W = 74 G, Amo (1 95Mo 7Mo, I
= 5/2, 15.90%/9.60%) = 16.41 G; Anal. calcd for MoC 50H37N3BF 24: C, 48.33; H, 3.00; N, 3.38,
Found: C, 48.04; H, 3.25; N, 3.33.
[Mo(Me 2Pyr)2(3-H-Me 2Pyr)][B(C6Fs) 41 (3b). To a -30 'C solution of Mo(Me 2Pyr) (200 mg,
0.52 mmol) in 8 mL of THF was added [HNMe2Ph][B(C 6F5) 4] (424 mg, 0.53 mmol, 1.01 eq.) in
one portion. The solution was allowed to warm to room temperature and stir for three hours. All
volatile components were then removed in vacuo and the dark yellow solid was extracted with 3
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mL of CH2Cl 2 . The solution was then filtered through diatomaceous earth, concentrated by half,
layered with an equal volume of pentane, and stored a -30 'C to yield 526 mg (0.49 mmol, 94 %
yield) of yellow-orange crystals. 1H NMR (CD 2Cl2, 298 K) 6 50.95(4H, rj 5-Me2Pyr p-H), 27.58
(3H, il-Me2 Pyr Me), 15.95 (3H, il-Me2Pyr Me), 8.42 (1H, T1-Me2Pyr p-H), 3.62 (2H, rl-
Me2Pyr -H), -11.05 (6H, rl5-Me 2Pyr Me), -12.32 (6H, rl5-Me2Pyr Me); 19F{'H} (CD 2Cl2 , 298 K)
6 -134.85 (8F), -165.18 (4F), -168.97 (8F); egr (CD 2Cl2, 298 K) = 1.71 jIB; Anal. calcd for
MoC 42 H25N3BF 20: C, 47.66; H, 2.38; N, 3.97, Found: C, 47.78; H, 2.43; N, 3.91.
Quantum Chemical Calculation Details. DFT calculations were carried out using the
Amsterdam Density Functional (ADF) program package version 2008.01. The geometry of 1
was optimized using the OLYP functional, which is a combination of the OPTX exchange
functional of Handy and Cohen used with Lee, Yang, and Parr's nonlocal correlation function
(LYP). 54 For all calculations, relativistic effects were included using the zero-order regular
approximation (ZORA).5 5 The basis sets used was the all-electron ADF ZORA/TZ2P (for
carbon and hydrogen atoms) and ADF ZORA/QZ4P for molybdenum and nitrogen atoms) basis,
which are triple-( with two polarization functions.
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Optimized Atomic Coordinates for Mo(Me 2Pyr)3 (1).
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
N
N
N
Mo
0.261488
-0.370337
-1.704796
-0.801971
-0.635417
-1.963910
2.840679
0.291653
-2.266119
1.756935
-0.954914
1.307038
1.834431
-0.219441
-1.633184
0.650492
0.589428
1.293126
0.057091
1.347431
-0.144920
-0.822851
-2.420093
0.372425
-1.351311
-2.880286
2.491780
0.454176
3.642522
-2.371564
3.296818
-3.115931
2.372403
-2.369109
-2.321191
2.698669
-1.795764
-1.878630
0.305885
2.356739
0.821582
1.189869
0.190254
0.492334
-0.723013
-0.208919
2.078614
1.009720
0.965356
-1.119919
-2.602880
-0.401307
-1.213515
2.730085
3.126119
-1.791264
2.405529
2.060288
-2.947046
-2.052125
-1.807318
1.374837
-3.108692
0.662118
1.873665
2.102215
3.068488
-2.962395
1.774469
-2.902607
-3.087297
-0.806831
-0.954244
3.433234
-1.951017
3.632888
-0.308584
2.453805
2.090469
-1.983919
3.895353
-3.597247
-0.788029
-2.496114
-3.906049
0.499682
-0.299971
1.288748
-0.277268
-1.229675
1.532122
0.561339
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-3.299836
-2.458728
-1.929291
-1.947561
-1.952197
-1.602981
-0.408261
0.044534
0.571560
0.453068
0.681539
0.792531
1.209366
1.487647
1.924541
1.835332
1.866397
2.978527
-4.359107
-3.175908
-3.075956
-2.972581
-1.887569
-1.665173
-1.286168
-1.195738
-1.412551
-0.760194
-0.514607
-0.391479
0.018933
0.716364
0.608641
1.126999
1.352902
1.276172
2.287798
2.738914
2.542987
2.794546
3.182665
3.873731
-2.421921
0.615961
1.757197
-0.294799
Table 5.1. Crystal data and structure refinement for Mo(Me 2Pyr)3 (1).
Identification code 08045
Empirical formula MoC 18H24N3
Formula weight 378.34
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 14.7639(14)^ a = 90
b = 12.9291(12) A = 109.531(2)0
c = 19.0610(18) Ay = 900
Volume 3429.1(6) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.13'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
1.466 Mg/m 3
0.765 mm-1
1560
0.09 x 0.30 x 0.20 mm 3
1.46 to 29.13'
-20<=h<=20, -17<=k<=17, -26<=l<=25
71868
9229 [R(int) = 0.0581]
100.0%
Semi-empirical
0.8620 and 0.5458
Full-matrix least-squares on F2
9229 / 0 / 409
1.024
R1 = 0.0322, wR2 = 0.0694
RI = 0.0468, wR2 = 0.0767
2.058 and -1.501 e.A-3
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Table 5.2. Crystal data and structure refinement for {[K(THF) 3][Mo(Me 2Pyr)3]}. (2).
Identification code 08065
Empirical formula MoC 30H4 8N30 3K
Formula weight 633.75
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2/n
Unit cell dimensions a = 9.5771(5) A a = 900
b = 10.8712(6) A p = 103.2410(10)0
c = 15.1971(8) Ay = 90
Volume 1540.18(14) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 28.28'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
1.3 Mg/m 3
0.595 mm-1
668
0.30 x 0.30 x 0.10 mm3
1.87 to 28.280
-1 2<=h<=12, -14<=k<=14, -20<=l<=20
35868
3832 [R(int) = 0.0525]
100.0%
Semi-empirical
0.9429 and 0.8417
Full-matrix least-squares on F2
3832 / 35 / 188
1.401
RI = 0.0583, wR2 = 0.1479
RI = 0.0599, wR2 = 0.1486
1.125 and -2.651 e.A-3
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Table 5.3. Crystal data and structure refinement for [Mo(Me 2Pyr)2(3-H-Me 2Pyr)][BArF4] (3a).
Identification code 08072
Empirical formula MoC 5 oH36N3BF 24
Formula weight 1241.57
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 13.1820(14)^ a = 900.
b = 35.909(3) p = 97.0180(10)0
c = 10.7680(8)^ y = 900.
Volume 5058.9(7) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 28.28'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
1.630 Mg/m 3
0.387 mm-1
2480
0.30 x 0.30 x 0.07 mm 3
1.13 to 28.280
-17<=h<=17, -47<=k<=47, -14<=l<=14
102231
12554 [R(int) = 0.0455]
99.9%
Semi-empirical
0.9734 and 0.8926
Full-matrix least-squares on F2
12554 / 79 / 804
1.196
R1 = 0.0599, wR2 = 0.1333
RI = 0.0657, wR2 = 0.1361
1.187 and -0.723 e.A-3
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Table 5.4.Crystal data and structure refinement for [Mo(Me 2Pyr)2(3-H-Me2Pyr)] [B(C 6F5 )4] (3b).
Identification code 08295
Empirical formula MoC 42H25N3BF20
Formula weight 1058.40
Temperature 190(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 11.1066(7) Aa = 73.7730(10)'
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 27.480
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
b = 13.9647(9) A
c = 14.1041(9) A
2052.2(2) A3
= 81.4700(10)0
7 = 79.1560(10)0
1.713 Mg/m 3
0.448 mm-1
1050
0.30 x 0.20 x 0.20 mm 3
1.51 to 27.480
-14<=h<=14, -18<=k<=18, -18<=l<=18
47853
9414 [R(int) = 0.0359]
100.0%
Semi-empirical
0.9158 and 0.8774
Full-matrix least-squares on F2
9414/0/610
1.061
RI = 0.0300, wR2 = 0.0730
R1 = 0.0366, wR2 = 0.0769
0.339 and -0.451 e.A-3
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Appendix A
Preparation of Polystyrene-Supported Molybdenum and Tungsten Imido Alkylidene
Monoaryloxide Monopyrrolide Olefin Metathesis Catalysts
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INTRODUCTION
Olefin metathesis is an indispensable method in organic synthesis.1 Due to the utility of
olefin metathesis, the development of supported metathesis catalysts has been the focus of
investigations in a number of laboratories, and both group VI2 and Ru3 polymer-supported
catalysts have been prepared. and silica4 The aims of such studies have been twofold. First, a
supported catalyst could be recyclable. This allows not only for reuse but also the possibility of
utilizing well defined catalysts in continuous flow reactors. 5  Conducting a reaction via
continuous flow allows for the expeditious removal of substrate and byproducts from the
catalyst, thereby preventing back reaction of the substrate or decomposition of the catalyst by
reaction with byproducts. This is especially important in reactions, such as cis-selective cross
metathesis, that are catalyzed by monoaryloxide monopyrrolide (MAP) catalysts.6 In these
reactions, back reaction of the substrate with the catalyst can lead to cis-to-trans isomerization.
Second, supported catalysts allow for low levels of metal residue in the unpurified products,
which is important for pharmaceutical applications.
Our laboratory has previously prepared polystyrene-supported, enantiopure molybdenum
imido alkylidene olefin metathesis catalyst (Scheme A. 1), and shown that these complexes have
nearly identical activity (% conversion) and selectivity (%ee) as their homogenous
counterparts.2 ' The route chosen for the synthesis of these polystyrene-bound species was to
prepare an aryl bromide of a desired ligand and then couple that to a styrene moiety via a Suzuki
reaction. This modified-styrene could then be copolymerized with styrene and a cross-linker
(divinylbenzene) to give low density polystyrene (LDPS) decorated with the desired ligand.
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Utilization of standard methodologies of metalation then produced polystyrene with the desired
metathesis catalysts appended.
Scheme A.1. Synthesis of Polystyrene supported Molybdenum Imido Alkylidene Catalyst.
i-Pr i-Pr
I i-Pri-P
i-. -1) Br2, CH2Cl 2, O *C, 5 h -Pr 1) Copolymerizati
OMe 2) 3 equiv. CH2=CHC 6H4B(OH)2  OMe styrene & divinyl
i-Pr 8 mol% Pd(PPh 3)4  OMe toluene/H 20, 8
K2CO 3, THF/H 20 i-Pr 2) BBr3, CH 2
70 *C, 22 h 22*C, 48 h
i-Pr i-Pr 45 % over two steps
on with
benzene
0 *C
Cl2 ,
i-Pr 1) 3 equiv KHMDS i-Pr N '-Pr
OH 2) 1 equiv complex O :M Oi
OH THF, 22 *C, 0 O -Ce2Ph
i-Pr 48 h per step i-Pr
i-Pr i-Pr i-Pr i-Pr
We chose to use the same methodology for the preparation of polystyrene-supported
MAP catalyst. Reported below is the optimized synthesis of LDPS modified with bulky, 2,6-
diarylphenols, metalation of the support by using molybdenum and tungsten imido alkylidene
bispyrrolide complexes, and screening results for the homocoupling of terminal olefins.
RESULTS AND DISCUSSION
A.1. Preparation of Polystyrene Support.
Equations A.1-A.3 detail the steps necessary to prepare LDPS modified with a bulky
phenol. The steps in the reaction sequence are first synthesis of an aryl bromide, followed by a
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Suzuki reaction to install a styrene moiety, and finally radical polymerization to give a modified
polymer. The phenol must be protected so that it does not quench the radical initiated
polymerization reaction.
5'-Bromo-2'-methoxy-1,l':3',1"-terphenyl has been previously reported.7 The first step in
the synthesis of this compound is bromination of 2,6-diphenylphenol (Equation A.1). This is
best accomplished by reaction of one equivalent of Br 2 with the phenol in acetic acid.8
Methylation is accomplished by deprotonation with NaH in THF followed by quenching with
dimethylsulfate. Although not reported in the literature,9 the same sequence may be used to
prepare 5'-bromo-2,2",4,4",6,6"-hexaisopropyl-2'-methoxy-1,1':3',1"-terphenyl from HIPTOH' 0
(HIPTOH = 2,2",4,4",6,6"-HexaIsoPropyl-[ 1,1':3',1"-Terphenyl]-2'-ol).
OH OMe
OH R R R R
R R Br2  R 1) NaH, THF, 5 C (AR
AcOH, 25 'C I 2) Me2SO4, THF, 25 C(A.1)
Br Br
R = Ph
R = Trip
OMe R
R N R 1.5 H2 CCHC6H4B(OH) 22 K3PO4  -OMe (A.2)
5 mol% Pd(OAc) 2
10 mol% SPhos
Br THF/H 20, 60 -C R
R = Ph R = Ph, 1
R = Trip R = Trip, 2
The Suzuki reaction of p-styrenyl boronic acid with the desired aryl bromide was at first
problematic and does not proceed with the use of our previously reported conditions (vide supra,
Scheme A.1). Utilization of the more modem catalytic system Pd(OAc)2/SPhos (SPhos = 2-
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Dicyclohexylphosphino-2',6'-dimethoxybiphenyl) reported by Buchwald" was critical for the
successful synthesis of the desired styrenyl-substituted anisoles 1 and 2 (Equation A.2). Also
critical for the success of the cross-coupling reaction is the use of aqueous inorganic base
(K3 PO4) and the biphasic reaction medium.
OMe OMe
R R 1) Copolymerization with R R
styrene & divinylbenzene
toluene/H 20, 80 C
2) BBr3, CH2Cl2, '3)
22 C, 48 h
R = Ph, 1
R = Trip, 2 R = Ph, 1-PS
R = Trip, 2-PS
Radical-initiated co-polymerization of 1 or 2 with styrene and a cross-linking agent
(divinylbenzene) was conducted in the same manner as published previously.2a The resulting
methyl protected species is then deprotected with excess BBr 3 in CH 2Cl 2.2a Deprotection is
confirmed by appearance of a stretch at -3500 cm-' in IR spectra of the polymers, which
corresponds to a 0-H stretching mode. The phenol-modified polymers 1-PS and 2-PS are
isolated as off-white solids in 80-90% yield
A.2. Preparation and Evaluation of Polystyrene-Supported MAP Catalysts.
A.2.1. 2,6-Diphenylphenol Catalysts.
Reaction of M(NAr)(CHCMe 2Ph)(Me2Pyr)2 (M = Mo12 or W13) with 1-PS in toluene
results in the formation of M(NAr)(CHCMe 2Ph)(Me 2Pyr)(0-2,6-Ph2-C6H3-polystyrene) (M =
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Mo, 3-PS; M = W, 4-PS) nearly quantitatively (Equation A.4). Analysis of the washings by IH
NMR spectroscopy reveal ~0.95 equivalents of 2,5-dimethylpyrrole are liberated per metal
center. This datum is consistent with the formation of a surface-bound MAP species.
"'i-Pr
(A.4)1-PS
-H(Me2Pyr)
PhMe, -30 0C
Me'
M = Mo, 3-PS
M = W, 4-PS
i-Pr'
HO-2,6-Ph 2-C6H3
-H(Me2 Pyr) *
Et20, -30 0C
Me'
M = Mo, 3
M = W, 4
The homogenous analogues of 3-PS and
to be reported. Similar to the
4-PS were prepared, as these complexes had yet
synthesis of other MAP species, 6,14
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(A.5)
M(NAr)(CHCMe 2Ph)(Me2Pyr)(0-2,6-Ph 2-C6H3) (M = Mo, 3; M = W, 4) can be prepared by
addition of HO-2,6-Ph 2C6H3 to M(NAr)(CHCMe 2Ph)(Me 2Pyr)2 in diethyl ether at -30 'C. The
complexes may be purified by recrystallization; ether must be used for the molybdenum
complexes and pentane must be employed for the tungsten species. 1H NMR spectra recorded in
C6D6 solution at 20 'C are consistent with the structure devoid of symmetry as is shown in
Equation A.5.
2 =\ 4 mol% cat.,R 
-C2H4
Catalyst Conv. (%)
R
R
cis (%)
R = n-hexyl, S-i
R = CH2TMS, S-2
R = (CH 2)8CO2Me, S-3
Catalyst Conv. (%) cis (%).
S-1 3 68 22 3-PS 68 21
S-1 4 76 21 4-PS 76 20
S-2 3 52 44 3-PS 72 41
S-2 4 61 49 4-PS 55 42
S-3 3 69 19 3-PS 76 19
4-PS
Table A.1. Homocoupling of Substrates S-1, S-2, and S-3 by homogenous (3, 4) and
heterogeneous (3-PS, 4-PS) 2,6-diphenylphenol MAP catalysts.
(0.1 mmol) in C6D6 (0.5 mL) at 23 'C in a 2 mL vial.
Conditions: 1 hour, substrate
With both the homogenous and heterogeneous catalysts in hand, three substrates (S-1 =
1-octene; S-2 = allyltrimethylsilane; S-3 = methyl-10-undecenoate) were screened in
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Substrate
S-3
homodimerization reactions (Table A. 1). The best results in terms of cis selectivity obtained to
date have given products with cis contents near 90% and conversions of 30-50%.6 All catalysts
and substrate combinations screened in this work gave at least 50% conversion, but also gave
low (<50%) cis contents. It was not expected that these catalyst would give high cis contents but
it is useful to observe that homogeneous and polymer-supported MAP catalyst react similarly
and give comparable conversions and selectivities.
A.2.2. HIPTO Catalysts.
i-Pr ""i-Pr i-Pr "'-i-Pr
N N
N pyr 2-PS N (A.6)
MeO Ce2Ph pyrrole * N -,- CWe2h
- DME I
pyr OMe PhMe, -30 OC 0
Trip Trip
5-PS
W(NAr)(CHCMe 2Ph)(pyr)(OHIPT-polystyrene)13 (5-PS) was prepared analogously to
other MAP complexes (Equation A.6).14 Similar to the synthesis of 3-PS and 4-PS, -0.95
equivalents of pyrrole is produced per metal center in the reaction of 2-PS with
W(NAr)(CHCMe 2Ph)(pyr) 2(DME), as determined by 1H NMR spectra of the washings. The
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homogenous species, W(NAr)(CHCMe 2Ph)(pyr)(OHIPT) (5) was prepared as previously
reported.6
The screening results obtained for the combinations of S-1, S-2, and S-3 with 5 and 5-PS
were similar to those previously obtained (Table A.2). Generally, conversions were found to be
low, but the cis content were high (>7 0%).6 The slow rate of the reactions, and therefore the
observed low conversions, are because the extremely sterically bulky HIPTO substituent requires
the formation of a highly-ordered syn,syn,syn-metallacylobutane in order to turn over. In the
previously published report from our laboratory on this type of reaction it was found that
increasing the reaction temperature led to a higher conversion and therefore reactions conducted
at higher temperatures need to be explored.
R R = n-hexyl, S-1
2 4 mol% cat. , R = CH2TMS, S-2
R -C2H4 R R = (CH2)8CO2Me, S-3
Substrate Catalyst Conv. (%) cis (%) Catalyst Conv. (%) cis (%)
S-1 5 17 > 90 5-PS 20 > 90
S-2 5 30 73 5-PS 18 44
S-3 5 18 77 5-PS 10 > 90
Table A.2. Homocoupling of Substrates S-1, S-2, and S-3 by homogenous (5) and heterogeneous
(5-PS) HIPTO MAP catalysts. Conditions: 24 hours, substrate (0.1 mmol) in C6D6 (0.5 mL) at
23 C in a 2 mL vial.
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CONCLUSIONS
Two 2,6-diarylphenol modified polystyrene ligands have been prepared in several steps
using conventional methods. Several polystyrene-supported MAP catalysts of those ligands have
been prepared and show reactivities and selectivities similar to their homogenous analogues.
Further experiments, including reactions conducted at higher temperatures and continuous
flow/extraction experiments, need to be performed. Utilization of a continuous extraction
apparatus based on a soxhlet extractor will allow for exclusion of homodimerized product from
the catalyst (due to its higher boiling point) and also removal of all ethylene. These two factors
should allow reactions catalyzed by 5-PS to be taken to full conversion.
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EXPERIMENTAL
General Comments. All manipulations involving air sensitive compounds were performed in
oven-dried (150 'C) glassware under an atmosphere of nitrogen in a Vacuum Atmospheres
glovebox. HPLC-grade toluene, pentane, tetrahydrofuran and methylene chloride were purified
by passage through an alumina column and stored over 4 A Linde-type molecular sieves prior to
use. Benzene-d6 was dried over sodium benzophenone ketyl and distilled prior to use. NMR
spectra were recorded at 298 K on a Varian Mercury or Varian Inova spectrometer operating at
300 or 500 MHz (H), respectively. Spectra are referenced to the residual 1H/13 C peaks of the
solvent and are listed in ppm relative to tetramethylsilane. HR-MS was performed by Dr. Li Li
on a Bruker Daltonics APEXIV 4.7 Tesla Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer at the MIT Department of Chemistry Instrumentation Facility. Combustion
analyses were performed by Midwest Microlabs (Indianapolis, IN). All materials would either
prepared by the literature method cited in the text or used as received from commercial sources
(Strem Chemicals, Newburyport, MA; Sigma-Aldrich, St. Louis, MO; Alfa Aesar, Ward Hill,
MA).
4'-methoxy-5'-phenyl-4-vinyl-1,1':3',1"-terphenyl (1). 5'-bromo-2'-methoxy- 1,1 ':3', 1"-
terphenyl (1.0 g, 2.95 mmol), (4-vinylphenyl)boronic acid (0.654 g, 4.425 mmol), Pd(OAc)2
(0.033 g, 0.148 mmol, 5 mol%), SPhos (0.121 g, 0.296 mmol, 10 mol%) were dissolved in 6 mL
of THF under N2 in a 50 mL Teflon-sealed bomb. Aqueous K3P0 4 (11.8 mL of a 0.5M solution,
0.59 mmol) was then added via syringe and the bomb was sealed. The mixture was stirred while
heated to 60 'C in an oil bath. After 18 hours, the reaction mixture was cooled to room
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temperature and extracted with Et2O (3 x 20 mL). The combined extracts were dried over
anhydrous MgSO4 and then all volatile components were removed by rotary evaporation. The
resulting white powder was purified by column chromatography on silica, eluting with hexane
and methylene chloride (9:1) to afford a white powder; yield 1.00 g (2.76 mmol, 94%): 'H NMR
(C6D6) 6 7.68 (d, 4H, Hg), 7.63 (s, 2H, Hf), 7.44 (d, 2H, Hd), 7.33 (d, 2H, He), 7.28 (app t, 4H,
Hh), 7.18 (t, 2H, HI), 6.66 (dd, 1H, He), 5.68 (dd, lH, Ha), 5.13 (dd, 1, Hb), 3.01 (s, 3H, Hi). HR-
MS (EI) 363.1748 ([M+H]*, calcd 363.1743).
Hh Hi
Hd He H9 -
He /- -H
HaO
Hb Hf
2,2",4,4",6,6"-hexaisopropyl-2'-methoxy-5'-(4-vinylphenyl)-1,1':3',1"-terphenyl (2). This
complex was prepared in the same fashion as 1. It was purified by column chromotographgy on
silica, eluting with hexanes and methylene chloride (95:5); yield 67%: 1H NMR (C6D6) 8 7.58
(s, 2H, Hf), 7.43 (d, 2H, Hd), 7.31(d, 2H, He), 7.27 (s, 4H, Hg), 6.20 (dd, 1H, He), 5.65 (dd, lH,
Ha), 5.10 (dd, 1, Hb), 3.07 (m, 7H, Hh + Hi), 2.92 (septet, 2H, Hk), 1.41 (d, 12H, Hj), 1.27 (d,
12H, Hi), 1.18 (d, 12H, Hj). HR-MS (DART) 614.4480 (M*, calcd 614.4482).
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Ha
Hb Hf
HI 
-
HH
ij Hk/
HI
Mo(NAr)(CHCMe 2Ph)(Me 2Pyr)(0-2,6-Ph2-C6H3) (3). To a -30 'C ether solution of
Mo(NAr)(CHCMe 2Ph)(Me2Pyr)2 (0.100 g, 0.169 mmol) was added HO-2,6-Ph 2C6H3 (0.042 g,
0.169 mmol) in one portion. The solution was allowed to come to room temperature and was
stirred for one hour, over which time the solution became orange. All volatile components were
removed in vacuo and the resulting orange powder was dissolved in a minimum of volume of
Et2O. Storage of this saturated solution at -30 'C gave orange crystals; yield 0.114 g (0.153
mmol, 91%): 'H NMR (C6D6) 6 11.39 (s, 1H, JCH = 120 Hz, Mo=CH), 7.58 (d, 4H, 0-2,6-Ph 2-
C6H3 ortho-H), 7.22 (d, 2H), 7.14 (app t, 4H, 0-2,6-Ph 2-C6H3 meta-H), 7.04 (t, 2H), 6.90 (m,
9H), 6.09 (s, 2H, Me2Pyr p-H), 3.08 (br, 2H, CHMe2), 2.226 (br, 6H, Me2Pyr methyl), 1.51 (s,
3H, CMe2Ph), 1.19 (s, 3H, CMe2Ph), 0.91 (br, 6H, CHMe2), 0.78 (d, 6H, CHMe2). Anal. calcd
for MoC 4 6H5 0N20: C, 74.37; H, 6.78; N, 3.77. Found: C, 74.41; H, 6.67; N, 3.79.
W(NAr)(CHCMe 2Ph)(Me2Pyr)(0-2,6-Ph2-C6H3) (4). To a -30 'C ether solution of
W(NAr)(CHCMe 2Ph)(Me 2Pyr)2 (0.100 g, 0.147 mmol) was added HO-2,6-Ph 2C6H3 (0.036 g,
0.147 mmol) in one portion. The solution was allowed to come to room temperature and was
stirred for one hour, over which time the solution became orange. All volatile components were
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removed in vacuo and the resulting orange powder was dissolved in a minimum volume of
pentane. Storage of this saturated solution at -30 'C gave yellow crystals; yield 0.116 g (0.139
mmol, 95%): 'H NMR (C6D6) 6 8.48 (s, 1H, JCH = 114 Hz, JHw = 16 Hz, Mo=CH), 7.51 (d, 4H,
0-2,6-Ph 2-C6H3 ortho-H), 7.21 (d, 2H), 7.12 (app t, 4H, O-2,6-Ph 2-C6H3 meta-H), 7.00 (m,
11H), 6.08 (s, 2H, Me2Pyr p-H), 3.07 (septet, 2H, CHMe2), 2.226 (br, 6H, Me2Pyr methyl), 1.48
(s, 3H, CMe2Ph), 1.24 (s, 3H, CMe2 Ph), 0.94 (d, 6H, CHMe2 ), 0.83 (d, 6H, CHMe2). Anal. caled
for WC 46H50N2 0: C, 66.51; H, 6.07; N, 3.37. Found: C, 66.54; H, 6.13; N, 3.52.
Polystyrene-supported ligand 1-PS. A 100 mL Teflon-sealed bomb was charged with 1 (0.48
mmol), styrene, (3.5 g, 34 mmol) technical-grade divinylbenzene, (194 mg, 0.82 mmol), benzoyl
peroxide (50 mg), and poly(vinyl alcohol) (50 mg) in a mixture of toluene and water (6 mL : 50
mL). The suspension was vigorously stirred at 80 'C for 16 hours. The reaction cooled and a
white powder was isolated by filtration, then washed with water (2 x 50 mL), THF (2 x 50 mL),
methanol (3 x 50 mL), and pentane (50 mL). The resulting polymer sample was dried at 60 'C
for 24 h to afford 3.2 g (81% yield). This material was suspended in methylene chloride and
treated with boron tribromide (5.0 mmol, excess) at 22 'C, with vigorous agitation for 48 h. To
the mixture was added aqueous HCl (3%, 20mL), THF (50 mL) and methanol (50 mL), and the
slurry stirred for 24 h. An off white polymer was filtered off, washed with water (100 mL), THF
(100 mL), methanol (100 mL), and pentane (100 mL). The polymer sample was dried at 60 'C
for 24 h, to afford 2.91 g of the desired compound (73 % yield). IR (KBr pellet) 3525 (s), 1955
(m), 1897(m), 1574 (w), 1556 (w), 1487 (m), 1089 (m).
236
Polystyrene-supported ligand 2-PS. This product was obtained by the same method employed
to prepare 1-PS. 3.422 g (86% yield). IR (KBr pellet) 3526 (s), 1962 (m), 1897(m), 1575 (w),
1545 (w), 1488 (m), 1092 (in).
General procedure for the preparation of polystyrene-supported catalysts. To a -30 'C
toluene suspension of the appropriate polystyrene-supported ligand (1-PS or 2-PS) was added a
bispyrrolide complex. The suspension was then stirred at room temperature for 24 hours. The
polymer-supported catalyst was collected on a sintered-glass frit and washed with toluene (3 x 10
mL) and pentane (3 x 10 mL). The powder (usually yellow brown) was dried in vacuo at 60 'C.
General procedure for screening results. In an N2-filled glove box, a 4-mL vial was charged
with the olefin substrate (0.1 mmol) and 0.5 mL of C6D6 . The different catalyst (4 mol %) were
added as a solid to the vial in one portion. The mixture was allowed to stir at 23 'C for a certain
time. On the bench, the mixtures were then diluted with 0.5 mL of C6D6 and then filtered
through plug of alumina (0.5 mm x 3 mm). The conversion and selectivity of the reactions were
determined by 1H NMR spectroscopy.
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Appendix B
Synthesis and Characterization of W(O)(CHCMe 3)(Me2Pyr)2(PMe2Ph),
W(CCMe 3)(OTf)3(DME), and [Li(OEt2)2][MoCl2(C4H3N-CH(=NAr)]) 2]
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B.1. Synthesis and characterization of W(O)(CHMe 3)(Me 2Pyr)2(PMe2Ph).
B.1.1. Introduction.
R
0
-M t-Bu I'
Figure B.1. Isolobal analogy of M(O)(CHCMe 3)(Me 2Pyr)2 and M(NR)(CHCMe 3)(Me 2Pyr)2.
Oxo alkylidenes such as W(O)(CHCMe 3)Cl 2(PR3)2 and W(O)(CHCMe 3)C 2(PR3) were
the first well-defined group 6 alkylidene complexes to be prepared.' These complexes were
found to be highly active for olefin metathesis upon activation with a Lewis acid. However, it
was found that the lifetimes of these catalysts were quite short. The most plausible explanation
for short catalytic lifetime of these complexes is that the sterically small oxo ligand is not
sufficient to kinetically stabilize the complexes, and therefore they quickly decompose in a
bimolecular fashion. The isoelectronic, sterically bulkier, imido ligand in successful Schrock-
type metathesis catalyst stabilizes intermediates against bimolecular decomposition. This is
unfortunate because an oxo ligand should render the metal center much more electropositive
giving a catalyst that should bind olefin much faster, and consequently give a more active
catalyst. If the right ligand set were found, a molybdenum or tungsten oxo alkylidene would be
highly active.
Wengrovius reported in 1982 that reaction of a tantalum alkylidene with a tungsten oxo
resulted in alkylidene transfer (along with other ligands) and O'Donoghue 2 reported in 1996 the
242
isolation an reactivity of a tungsten oxo alkylidene bisphenoxide complex as a phosphine adduct
derived from one of Wengrovius' compounds.
B.1.2. Synthesis and Characterization.
0
PhMe 2P',, I I %%%C
C t-Bu
PMe2Ph
PMc 2Ph
2 Li(MeyPyr) Pyr2Mc ,, - -Bu
-2LiC0
PhMe, -30 *C Me 2Pyr
Reaction of W(O)(CHCMe 3)Cl 2(PMe 2Ph)2 with two equivalents of 2,5-dimethylpyrrolyl
lithium in toluene at -30 'C results on the formation W(O)(CHCMe 3)(Me 2Pyr) 2(PMe2Ph) (1) in
50% yield as an orange powder.
+20 *C
-20 *C
-50 *(
-90 *C
10 9 8 7 6 5 4 3 2 ppm
Figure B.2. VT 'H NMR of 1 in CD 2Cl2
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(B.1)
+20 *C
-20 *C
-50 *C
9.78 9.74 9.70 9.66 9.62 9.58 9.54 ppm
+20 *C
-20 *C
-50 *C
-90 *C
5.85 5.80 5.75 5.70 5.65 5.60 5.55 ppm
+20 *C
-20 *C
-50 *C
-90 *C
2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 ppm
Figure B.3. VT 'H NMR of 1 in CD 2Cl 2 . Alkylidene a-proton region (top). Pyrrolide p-proton
region (middle). Aliphatic proton region (bottom).
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Unfortunately, W(O)(CHCMe 3)(Me2Pyr)2(PMe2Ph) (1) has not been isolated in
crystalline form. All reaction byproducts and impurities have solubilities such that the complex
may be obtained in analytically pure form simply by washing with the crude material with
pentane. Although crystals could not be obtained for an x-ray diffraction experiment, structural
analysis by VT 'H NMR proved very informative (Figures B.1 and B.2). Room temperature
(CD 2Cl 2) spectra of 1 show a CS symmetric species with no 31P coupling to the alkylidene a-
proton. These data indicate rapid dissociation of the dimethylphenylphospine ligand. The
alkylidene a-proton displays JCH of 114 Hz, which indicates the presence of an agostic
interaction with the metal. Upon cooling the sample to -50 'C the alkylidene a-proton is a clear
doublet due to static phosphine coordination (JHP = 15 Hz). Also at this temperature it can be
observed that one pyrrolide ligand is experiencing hindered rotation as evidence by the two
distinct resonances in the region associated with the p-protons. At -90 'C both pyrrolide ligands
are locked.
Scheme B.1. Possible Fluxional Process Responsible for observed 'H NMR Spectra of 1.
PMe2Ph t-Bu
ut-Bu
- N1111" W t-Bu + PMe2Ph
N
Test scale reactions show that compound 1 will react with alcohols and phenols to give a
mixture of monoalkoxide and dialkoxide products, but unfortunately no products have yet been
isolated on a preparative scale
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B.2 Synthesis and characterization of W(CCMe3)(OTf)3(DME).
t-Bu t-Bu
t-Bu 3 HOTf , TfOo,,, II\OTf
W t-Bu -3 CMe4 MeO1W, OTf (B.2)
DME, -30 0C Me O |
OMe
t-Bu
2
W(CCMe 3)Cl 3(DME) is a useful precursor to W(CCMe 3)(OR)3 complexes (R = t-Bu,
CMe2(CF3), etc.) that are alkyne metathesis catalysts. 3 The synthesis of W(CCMe3)Cl 3(DME)
involves the reaction of W(CCMe3)(CH 2CMe3)3  with HCl in diethyl ether.
This reaction can be problematic due to the formation of ethanol in the ethereal solutions of
hydrogen chloride, via acidic decomposition of Et20. If there is a significant quantity of ethanol,
the only isolable product is what has tentatively been assigned as W(CHCMe 3)(OEt)2Cl2 by 1H
NMR spectroscopy. To alleviate this problem a commercially available strong acid, HOTf, was
employed in the protonolysis reaction. Triflic acid is available in high purity and the resulting
triflate anion is excellent for salt metathesis reactions. Reaction of W(CCMe3)(CH 2CMe3)3 with
three equivalent of HOTf in DME solution results in the formation of W(CCMe3)(OTf)3(DME)
(2) in 77% yield (Equation B.2). Complex 2 is easy to prepare and has been shown to undergo
salt metathesis with lithium tert-butoxide to form the well known alkyne metathesis catalyst
W(CCMe3 )(0-t-Bu) 3.
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5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
3 06 195 9 03
Figure B.4. 1H NMR spectrum of 2 recorded in CD 2Cl 2 solvent at 23 *C.
B.3. Synthesis and Characterization of [Li(OEt2)21 [MoC12 (ArPI)21.
Et2O OEt 2
Li
Li Li ~
r / %\ ArC1 Cl
MoCl(THF)3 + 2 ArZN N THF,-303C A)
ReX from Et2O N-Mo-N
-2 LiC N
N 
-
Ar = 2,6-(i-Pr) 2-C6H3  r/ Ar
3
Reaction of two equivalents of Li(ArPI) with MoC13(THF)3 in THF, yields the "ate"
complex (ArPI)2Mo(U-Cl2)Li(Et2O) 2 (3) (Equation B.3). The product is obtained as translucent
red crystals in 73% yield after recrystallization from saturated Et20 at -30 'C. 3 has a quartet
ground state (lieff = 3.85 pIB) as determined by Evan's method. (ArPI) 2Mo(p-Cl 2)Li(Et2O) 2 (3) is
analogous to (ArPI)2Cr(u-Cl2)Li(THF) 2 previously prepared by Gibson.4
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Figure B.5. Solid state structure of [Li(OEt2)2] [MoCl 2(ArPI)2] (3). Thermal ellipsoids are
shown at 50% probability and hydrogen atoms omitted for clarity. Selected bond lengths (A) and
angles (0): Mo(l)-N(l) = 2.1036(14); Mo(l)-N(2) = 2.2581(14); Mo(l)-N(3) = 2.1068(14);
Mo(l)-N(4) = 2.2331(14); Mo(l)-Cl(l) = 2.4827(4); Mo(l)-Cl(2) = 2.4573(4); Li(l)-Cl(l) =
2.386(3); Li(l)-Cl(2) = 2.401(3); Li(l)-O(1) = 1.987(4); Li(l)-O(2) = 1.977(3); N(l)-Mo(l)-
Cl(l) = 176.37(4); N(4)-Mo(l)-Cl(2) = 165.03(4); N(l)-Mo(l)-N(3) = 87.96(5).
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X-ray quality crystals of (ArPI) 2Mo(u-Cl 2)Li(Et2O) 2 (3) were obtained from saturated
Et2 0 solution at -30 'C. The geometry about molybdenum is distorted-octahedral in nature, with
one chloride ligand being trans to a pyrrolide nitrogen and the other chloride ligand being trans
to a imine nitrogen. The ArPI ligands are not symmetrically bound (Cr-Npyr(av) = 2.10 A; Cr-
Nimine(av) = 2.24 A). The structure is similar to that reported for (ArPI) 2 Cr(u-Cl 2)Li(THF) 2.4
0.2 -0.3 -0.8 -1.3
Potential (V)
Figure B.6. Cyclic voltammogram (CV) of 1 in THF (0.25 mM) with [NBu4]][PF 6] electrolyte
(0.4 M).
Electrochemical analysis of complex 3 reveals a near reversible (ia/ic = 1.05) anodic
process at -476 mV (vs. Ag/AgCl). It is believed that this process corresponds to the
Mo(III)/Mo(IV) couple. Chemical oxidation with a variety of oxidants (AgOTf, I2, FcOTf, etc.)
in THF or Et2O led to a dramatic color change of red to green, but no complexes could be
isolated from the reaction mixture.
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EXPERIMENTAL
General. All manipulations were performed in oven-dried (150 *C) glassware under an
atmosphere of nitrogen on a Schlenk line or in a Vacuum Atmospheres HE-492 drybox.
Materials. HPLC grade organic solvents were sparged with nitrogen, passed through activated
alumina, and stored over 4 A Linde-type molecular sieves prior to use. Benzene-d 6 was dried
over sodium/benzophenone ketyl and distilled in vacuo prior to use. Dichloromethane-d 2 was
dried over CaH2 and vacuum distilled prior to use. W(O)(CHCMe 3)Cl 2(PMe2Ph)2,'
W(CCMe 3)(CH 2CMe3),5 MoCl3 (THF)3,6 and Li(ArPI) 7 were prepared via the published
procedures. Li(Me 2Pyr) was prepared by dropwise addition of n-BuLi (1.6 M in hexanes (Strem,
Newburyport, MA)) to a -30 'C ethereal solution of 2,5-dimethylpyrrole (Sigma-Aldrich, St.
Louis, MO). HOTf was purchased from Strem Chemicals.
Measurements. NMR spectra were recorded on Varian Mercury and Varian INOVA
spectrometers operating at 300 and 500 MHz ('H), respectively. Chemical shifts for 'H and 13C
spectra were referenced to the residual 1H/13 C resonances of the deuterated solvent and are
reported as parts per million relative to tetramethylsilane. 19F NMR spectra were referenced
externally to fluorobenzene (6 = -113.15 ppm upfield of CFCl3). Solution magnetic moments
were determined at 298 K in bezene-d 6 with toluene as the internal standard according to the
Evans method.8 Electrochemical measurements were carried out using CHI 620C potentiostat,
0.4 M [Bu4N][PF 6]/THF electrolytes, and a standard three-electrode cell assembly with a glassy
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carbon (3.0 mm dia) disk working electrodes, a platinum wire auxiliary electrode, and a
reference electrode consisting of a AgCl-coated silver wire submerged in 0.4 M
[Bu4N][PF 6]/THF electrolyte. Elemental analyses were performed by H. Kolbe Microanalytics
Laboratory, Milheim an der Ruhr, Germany or Midwest Microlabs, Indianapolis, IN.
Crystallography. Low temperature diffraction data were collected on a Siemens Platform three-
circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-
monochromated MoKa radiation (k = 0.71073 A), performing 9p- and w-scans. All structures
were solved by direct methods using SHELXS 9 and refined against F2 on all data by full-matrix
least squares with SHELXL-97.' 0 All non-hydrogen atoms were refined anisotropically. Unless
described otherwise, all hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups).
W(O)(CHCMe 3 )(Me 2Pyr)(PMe2Ph) (1). To a -30 0C solution of
W(O)(CHCMe 3)C 2(PMe2Ph)2 (300 mg, 0.49 mmol) in 8 mL of toluene was added Li(Me2Pyr)
(99 mg, 0.99 mmol. 2.02 eq.) as a solid, in one portion. The solution was stirred for 1 hour over
which time it became orange in color. The salts were then removed via filtration through
diatomaceous earth and all volatile components were then removed in vacuo (5 x 10-3 torr, 40
C). The solid was then triturated in 10 mL of pentane and an orange powder (144 mg, 0.24
mmol, 50% yield) was isolated by filtration. 'H NMR (CD 2Cl 2, 298 K) 6 9.72 (s, 1H, CHCMe3,
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JCH = 114 Hz, Jp,, = 12 Hz), 7.41(m, 3H, PMe2Ph), 7.28(m, 2H, PMe2Ph), 5.74 (br s, 4H,
Me2Pyr p-H), 2.07 (br s, 12H, Me2Pyr Me), 1.69 (d, 6H, PMe2Ph), 1.25 (s, 9H, CHCMe3); 13C
NMR (CD 2Cl2 , 298 K) 6 290.6, 134.9, 131.6, 130.8, 129.4, 129.0, 108.6, 46.1, 32.1, 18.2; Anal.
calcd for WC25H37N2 0P: C, 50.35; H, 6.22; N, 4.61. Found: C, 50.27; H, 6.25; N, 4.70.
W(CCMe 3)(OTf) 3(DME) (2). 500 mg of W(CCMe3)(CH 2CMe3)3 (1.07 mmol) was dissolved in
5 mL of -30 'C DME. A chilled solution of 488 mg of HOTf
(3.25 mmol, 3.03 eq) in 5 mL of DME was added dropwise to the rapidly stirring yellow solution
of the course of 5 min. The color of the solution became dark purple concomitant with the
evolution of gaseous neopentane. The solution was allowed to stir at 23 'C for two hours, after
which all volatiles were removed in vacuo. The resulting solid was dissolved in a minimum of
hot Et2O and allowed to recrystallize at -30'C. The mother liquor was decanted to give 650 mg
of lilac microcrystals (0.82 mmol) in 77% yield. 1H NMR (CD 2 Cl2): 65.25 (s, 3H, OMe), 4.45
(t, 2H, CH2OMe), 3.67 (t, 2H, CH2OMe), 3.34 (s, 3H, OMe), 1.26 (s, 9H, CMes). 19F NMR
(CD 2Cl2): 6 -76.26 (m). Anal. calcd for WC 12H19 F9 011 S3 : C, 18.24; H, 2.42; S, 12.17. Found:
C, 18.27; H, 2.40; S, 12.11.
[Li(OEt2)2][MoC12(ArPI)2] (3). To a -30 'C suspension of MoCl 3(THF) 3 (0.960 g, 2.537 mmol)
in 20 mL THF was slowly added Li(ArPI) (1.353 g, 5.200 mmol, 2.05 eq.). After warming to
room temperature and stirring for the two hours, the solution became homogenous and dark red
in color. All volatile components were removed in vacuo and the resulting solid was extracted
with toluene (3 x 15 mL). The combined extracts were filtered through a pad of diatomaceous
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earth and all volatile components were once again removed in vacuo. The resulting blood red
powder was dissolved in a minimum volume of Et20. Storage of this saturated solution at -30
'C resulted in the formation of 1.519 g (73%) of translucent red crystals. leff (C6D6, 298 K) =
3.85 B. Anal. calcd for MoC 42 H62N4 0 2 Cl2Li: C, 60.87; H, 7.54; N, 6.76, Found: C, 61.05; H,
7.68; N, 6.70.
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Table B.1. Crystal data and structure refinement for [Li(OEt2)2 ][MoCl2(ArPI)2](3).
Identification code 08135
Empirical formula MoC42H62N4O2Cl2Li
Formula weight 828.74
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n
Unit cell dimensions a = 19.7764(12) A 900
b = 10.9259(7) A =102.5420(10)0
c=20.4024(13)8A 3 90
Volume 4303.2(5) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 27.10'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
4
1.279 Mg/m 3
0.467 mm-1
1748
0.50 x 0.30 x 0.20 mm 3
1.30 to 27.10'
-25<=h<=24, -14<=k<=14, -26<=1<=26
80273
9480 [R(int) = 0.0519]
100.0%
Semi-empirical from equivalents
0.9124 and 0.8001
Full-matrix least-squares on F2
9480 / 47 / 488
1.035
R1 = 0.0280, wR2 = 0.0631
RI = 0.0364, wR2 = 0.0680
0.455 and -0.373 e.^-3
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